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Understanding the flow of confined bubbles and droplets within natural or
man-made microchannel networks is crucial to a broad range of technolo-
gies ranging from enhanced oil recovery to microfluidic chip-based chemical
analysis, synthesis and discovery. The traffic of droplet or bubble ensembles
through even elementary microchannel networks is complex and nonlinear.
This makes it challenging to both design and engineer new networks and
to predict the dynamical behavior of a known network. This thesis broadly
aims to advance the current understanding of such phenomena by conducting
rigorous and detailed experimental measurements of bubble and droplet dy-
namics in simple yet prototypical microchannel topologies. Specifically, this
thesis studies bubble/droplet-scale hydrodynamics in terms of the pressure
drop across confined bubbles and droplets translating through lithographi-
cally defined microchannels of rectangular cross-section under a variety of
conditions, and how such local phenomena dictate the global behavior of
trains of monodisperse bubbles or droplets as they flow through prototypical
network components such as junctions.
The pressure drop across confined bubbles and droplets translating through
rectangular microchannels is first studied, and the modification of the hy-
drodynamic resistance to flow through a microchannel due to the presence
of bubbles and droplets is addressed. In the ideal case where the microchan-
nel is filled with a completely wetting continuous liquid phase, it is found
that there are readily accessible conditions wherein the presence of bub-
bles or droplets reduces the hydrodynamic resistance of the microchannel –
a rarely documented phenomenon in the multiphase microfluidics literature.
Remarkably, even a slight variation from the ideal case of complete wetting in
bubble flows is shown to dramatically increase the hydrodynamic resistance
of the microchannel, highlighting the crucial role played by the wettability
of channel surfaces. In such systems, a rich variety of bubble morpholo-
gies are observed, governed by the speed of propagation of the bubble and
its size. Finally a counterintuitive bistable behavior in the traffic of bubble
and droplet trains at a simple microfluidic junction, wherein the incoming
bubble/droplet train can exclusively and entirely sort into either arm of the
junction, is investigated. Furthermore the existence of this bistability is ex-
ploited to flexibly regulate bubble or droplet traffic at a microfluidic junction.
The studies conducted in this thesis provide important and new insights that
advance the understanding, prediction and regulation of multiphase flows in
porous media or multifunctional, multiplexed microfluidic devices.
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Microscale multiphase flows involve the transport of two or more immiscible
or partially miscible fluids in channels whose characteristic cross-sectional
dimension typically varies from of tens to hundreds of microns. These flows
are inherent in a wide array of natural and man made systems. Geophysical
flows in porous and fractured media which gain importance in situations
such as enhanced oil recovery, subterranean sequestration of carbon dioxide,
and spread of contaminants in aquifers often involve the transport of multiple
phases in complex networks of microchannels [1–3], so do physiological flows in
the microvascular system and pulmonary airways [4–6]. Confinement in such
flows promotes the dominance of surface forces over those of viscous, inertial
or gravitational origin; this and other benefits that go hand in hand with
miniaturization have been elegantly exploited over the past decade and a
half to engineer efficient heat exchangers, reactors and analysis systems. [7–15]
For illustrative purposes consider a microchannel of cross-sectional dimen-
sion d = 1×10−4 m filled with ethanol (viscosity µ = 1.2×10−3 Pa.s, surface
tension σ = 22.1×10−3 N.m−1, and density ρ = 790 kg.m−3), through which
a bubble of air is flowing with a speed U = 1 × 10−3 m.s−1. The surface,
viscous, inertial and gravitational stresses scale as σ/d, µU/d, ρU2, ρdg, and





























It can be seen that surface and viscous forces dominate in microscale
multiphase flows.
Various flow patterns have been observed in microscale multiphase sys-
tems [16,17], as identification and quantification of the flow patterns is by visual
observations, the exact description of these flow patterns is slightly subjec-
tive. Figure 1.1 gives a representation of the various flow patterns.
1. Bubbly Flow : The non wetting fluid flows as small bubbles or droplets
suspended in the wetting continuous fluid
2. Segmented Flow : Also known as Taylor flow, plug flow, slug flow or
intermittent flow, it is characterized by the non wetting fluid forming
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Figure 1.1: Representation of different flow patterns, A - Bubbly Flow, B -
Segmented Flow, C - Transition to Churn Flow, D - Churn Flow, E - Annular
Flow
segments that have lengths that are greater than the characteristic
dimension of the channel. This regime is the main focus of our research
work. In this thesis the terms segmented flow, confined bubble (or
droplet) flow, bubble (or droplet) train flow are used interchangeably.
3. Churn Flow : At higher superficial velocities of both the wetting and
non wetting fluid satellite droplets or bubbles appear at the tail of the
non wetting fluid segments.
4. Annular flow : At high velocities and low fractions of the wetting fluid
the wetting fluid forms a thin film flowing along the wall of the channel
with the non wetting fluid flowing as a core.
This chapter motivates the need to study the physics of bubble and
droplet transport in microchannel networks by describing in brief the var-
ious scenarios and solutions where such flows are inherent, and highlighting
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the importance of such systems and challenges in engineering them.
1.1 Multiphase Flow In Porous and Fractured
media
A vast majority of the earths subsurface environment is porous. These porous
rock formations act as repositories for a number of highly valued commodi-
ties, ranging from aquifers storing fresh water, to sandstone or carbonate
formations that act as oil and gas reservoirs. Recently, the vast pore space
in geological formations has attracted interest as a possible vault for carbon
dioxide, in CO2 capture and sequestration (or storage) strategies for the mit-
igation of climate change. Flows in porous media can involve multiple phases
in a number of situations contaminant transport in aquifers, enhanced oil re-
covery processes, and CO2 entrapment and storage in saline aquifers.
[1,3,18–23]
These flows are challenging to understand and model; in part because of the
nonlinearities introduced by the presence of interfaces, and due to the fact
that porous media are highly heterogenous in multiple length scales, from
the scale of roughness on the surfaces of the pores to the scale of the actual
oil reservoir or aquifer. [1,2,24,25]
1.1.1 Carbon Dioxide Sequestration
While evidence that CO2 emissions from fossil fuel combustion contributes
significantly to climate change has been overwhelming, any attempts to wean
humanity from the addiction to fossil fuels remains futile. This is particu-
4
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larly so because the worlds prosperity, current and future, remains inextri-
cably linked to the availability of energy, and fossil fuels currently supply
nearly 85% of the energy needed for industrial activity, and are far cheaper
than cleaner alternatives. The United States, China, Russia and India, inci-
dentally a group containing some of the worlds largest and fastest growing
economies, together hold two-thirds of the words coal reserves. Energy from
coal fired power plants currently meets roughly 25% of the worlds energy
demand, while accounting for 40% of carbon emissions. It is highly unlikely
that these economies will drastically reduce their dependence on coal, and
indeed on other fossil fuels anytime soon, given that the reserves for these
“dirty”energy sources still remain abundant, strong infrastructure to exploit
such energy sources exist, and they currently are the cheapest way to meet
much of the energy demand. Meanwhile CO2 concentration has increased
to 385 ppm from a preindustrial level of about 280 ppm, more than a 35%
increase. [3,18,19] The effects of such an increase are palpable in higher global
average temperature, reduced ice cover in higher latitudes, reduced snow
cover in higher altitudes and increased pH in the upper ocean. Global en-
ergy demands are projected to increase so substantially in the near future
that even if renewable and clean energy systems takes root, the energy econ-
omy will predominantly be driven by fossil fuels for decades to come. Thus
if emissions of CO2 cannot be reduced, in the short term then, probably the
best course of action to mitigate climate change is to capture and sequester
CO2. This is crucial if CO2 concentrations are to be stabilized at such levels
that limit the rise of global average temperatures by no more than 2◦C by
the mid century. [3,18,19]
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Broadly two methods for CO2 Capture and Sequestration/Storage (CCS)
are available, one is to enhance and increase natural biological processes
which store CO2, such as photosynthesis in plants, calcification by phy-
toplanktons in oceans, and mineralization in soils by plant roots. In this
method CO2 can be directly captured from the atmosphere. The other ap-
proach is to capture CO2 from an industrial source and pump it underground
for long term storage. 60% of CO2 emissions come from point sources which
can be adapted for CCS, in the US alone 2.4 gigatons of CO2 was emitted in
2007 from power generation. The latter method, if efficiently implemented
can reduce the CO2 emissions by almost 20% .
[3,18,19] Three methods ex-
ist to capture CO2 from industrial sources such as power plants, they are
post-combustion capture, pre-combustion capture, and combustion in a pure
oxygen environment. In post-combustion capture, the CO2 is captured from
a mixture of CO2 and N2 by chemisorption using solvents such as ethanol
amines, the CO2 is released and the solvent regenerated by heating at 150
◦C.
The advantage of this method is that most power plants can be readily
retrofitted for this method of CO2 capture. The second method involves
the conversion of the fossil fuel to syngas (H2 + CO) by gasification which
gives a byproduct of nearly pure CO2, furthermore if the CO is converted
to CO2 by a water shift reaction, the end product of combustion is just wa-
ter and CO2, which can be readily separated. The third method is called
oxycombustion or oxyfuel combustion wherein the fuel is combusted in den-
itrified air, essentially pure oxygen to yield again just CO2 and water. Once
CO2 has been separated and captured at the industrial source it is liquified by
pressurizing at 100 bar, the liquified CO2 is then transported to the storage
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site. [3,18,19]
Pumping of captured CO2 into porous geological formations is considered
to be a viable solution for long term storage. Experience with CO2 enhanced
oil recovery which has been in operation from the 1970s has shown that
considerable amounts of CO2 can be sequestered in this manner. There
are a number of prerequisites for a geological storage site to be favorable.
Sites should preferably be located at depths ranging from 800-1000 m, at
these depths, high ambient pressure ensures that CO2 is relatively dense
so that large quantities can be stored. Sites should preferably also have
impermeable rock layers above the storage formations, this ensures that the
injected CO2 does not leak out through vertical migration. Furthermore
the storage formations should have a high enough permeability so that the
pressures required for CO2 injection do not become prohibitively high. Lastly,
in order to minimize the transportation costs the site should be situated close
to point sources of CO2 emission. With these considerations a number of
potential onshore geological storage options exist [3,18,19].
1. Depleted oil and gas reservoirs
2. Enhanced oil recovery using CO2
3. Deep saline aquifers
4. Deep un-mineable coal beds
Sequestration of CO2 in oil and gas reservoirs is attractive because these
geological formations have the requisite impermeable rock layer above them,
indeed if such cap rocks did not exist in such reservoirs the buoyant oil and gas
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could not have been stored there naturally for so long. In the US alone there
is a potential to store around 82-126 gigatons of CO2 in oil and gas reservoirs,
either through using CO2 for enhanced oil recovery or through injection into
depleted reservoirs. [3,18,19] Deep saline aquifers offer a greater estimated stor-
age capacity than oil and gas reservoirs, current estimates range from 919 to
3000 gigatons of CO2, additionally it is estimated that 95% of the 500 largest
industrial sources for CO2 emission is located within 80 km of a potential
storage location. [3,18,19]
Currently there are a number of industrial scale projects for CO2 capture
and storage, about 10 million tons of CO2 has been injected into the Utsira
saline aquifer formation at Sleipner in the North Sea over the past 10 years.
1 million tons of CO2 per year is being currently injected into the In Salah
in Algeria. At Weyburn Field in Saskawatchewan, Canada, a CO2 enhanced
oil recovery project is being carried out with CO2 captured and transported
from the Dakota Gasification Plant in North Dakota. There is though a long
way to go, indeed to capture and sequester 50% of the CO2 emitted from
power plants in the US, around 1000 CCS projects operating at atleast 1
million tons of CO2 per year is required.
[3,18,19]
1.1.2 Enhanced Oil Recovery
Oil and gas reservoirs typically occur in porous rock formations in sedimen-
tary basins. Rocks in sedimentary basins are made up of alternating layers
of sand, silt, clay, carbonates and evaporites. The sand layer typically pro-
vides the porous space for the accumulation of oil and gas, while the silt,
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clay, carbonates and evaporite layers act as an impermeable seal, prevent-
ing the escape of the buoyant oil and gas. An unexploited reservoir will
have its contents in a highly pressurized state. [1,20,21] This pressure is what
typically provides the drive for the initial extraction of oil or gas from the
reservoir. It is evident that as the oil is extracted, the pressure is relieved
and consequently the production can decline. If the oil contains dissolved
gases, evolution of these gases occur with the lowering of the pressure, the
evolved gases can form a cap layer above the oil, and with accumulation
of gas in the layer, the oil can be pressurized to flow into wells that have
been strategically placed. Natural water drives can exist in certain reservoirs
where water aquifers occur below the oil containing rock formations, as the
pressure in these formations is reduced, slight expansion and invasion of wa-
ter can promote the extraction of oil. Extraction of oil using these primary
drive mechanisms is called primary production. Primary production typi-
cally yields just 15-25% of the original oil in place. To increase productivity
of the well, water can be injected into the reservoir. Water flooding is typ-
ically inexpensive and widely used but cannot remove all of the original oil
in place. Primary and secondary production methods in total can typically
yield just 20-40% of the original oil in place. [1,20,21]
This means that in the United States alone roughly only 300 of the 400
billion barrels of the original oil in place will be recovered by primary and
secondary methods. Currently nearly 85% of the worlds energy demands
are met by fossil fuels, each day nearly 87 million barrels of oil is produced,
this translates into roughly 32 billion barrels of oil a year. Of this 32 billion
barrels of oil produced a year, roughly 22 billion barrels or two-thirds come
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from sandstone reservoir fields which perhaps have 20 years of production
left. With global energy demands projected to rise substantially in the next
two decades and new oil discoveries typically lying either deep offshore or in
difficult to produce areas, residual oil in the existing oil fields after primary
and secondary production, needs to be extracted to ensure that demands can
be met. Enhanced oil recovery methods are designed to remove the trapped
residual oil in the porous media [1,20,21]. Broadly speaking such methods aim
to increase the mobility of the trapped oil by either reducing its viscosity
or the water/oil interfacial tension. The methods used for enhancing the
recovery of oil can in general be classified into three categories-
1. Thermal methods
2. Chemical methods
3. Gas injection methods
Thermal methods typically involve the subjection of oil in the reservoir
to heat, in reservoirs containing heavy oils this heat can cause a reduction in
the viscosity of the oil and thus makes it easier to recover. This heat can be
supplied to the reservoir by many means, most popular is by steam flooding
which can be carried out cyclically or as a single sustained injection. In situ
combustion methods are also employed, here a part of the oil in the reservoir
is combusted to generate heat. [1,20,21]
Chemical methods rely on, as the name suggests, injection of chemicals to
change the physicochemical properties of the trapped oil to make it conducive
for extraction. Typically three classes of chemicals are injected surfactants,
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polymers and alkalies. These chemicals are injected separately or in combina-
tions. In surfactant flooding, the basic aim is to lower the interfacial tension
between the oil and the water phase. Speaking in very general terms, this
makes it easier for the oil to invade the pores (in a reservoir that preferen-
tially wets water) or enables the water to displace the oil from the pores (in a
reservoir that preferentially wets oil). In alkaline flooding method, chemicals
such as sodium carbonate and sodium hydroxide are injected into the well.
These chemicals react with organic acids and other saponifiable contents in
the crude to form surfactants in situ, which again serves to reduce the in-
terfacial tension between the oil and water phases and promotes extraction.
Alkalies can also be injected along with surfactants as a cost saving method,
the increase in pH favors the use of very low concentration of surfactants
to induce same levels of interfacial tension reduction as in neutral pH con-
ditions. The increase in oil recovery caused by polymer flooding is based
not on the reduction of interfacial tension between the oil and water phase;
polymers essentially serve to increase the viscosity of the water phase so that
efficient sweep of the oil can be achieved. [1,20,21]
Injection of gases to increase oil recovery after the primary and secondary
production stages has been effectively used for more than four decades. Infact
injection CO2 has proven to be one of the more efficient oil recovery methods
since it was introduced in Texas in 1972. To a small extent the CO2 is
injected under immiscible conditions to just increase the reservoir pressure
so that the trapped oil can be forced out. Typically though, CO2 is injected
under conditions above its critical point. The supercritical CO2 dissolves
the lighter parts of the crude containing 13 carbon atoms or fewer. Two
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phases are formed, a CO2 rich phase containing light hydrocarbons and an
oil rich phase containing heavier hydrocarbons. The more mobile CO2 rich
phase moves readily through the porous rock formations coming in contact
with more oil and continually extracting the lighter hydrocarbons. Under
certain conditions it is even theoretically possible that the CO2 phase and
the oil phase become completely miscible, this pressure is called minimum
miscibility pressure. In reservoirs though, even at the minimum miscibility
pressure, complete solubility is rarely achieved, but CO2 phase can become
highly saturated with the oil and can be readily extracted, additionally the
CO2 can also dissolve slightly in the heavier oil phase, reducing its viscosity,
enabling easier recovery. Along with CO2, nitrogen and even natural gas is
used for enhanced recovery of oil. [1,20,21]
1.1.3 Contaminant Transport in Porous media
Fresh water aquifers are vital source of water used for human consumption,
agriculture, and industrial activity; as such protection of these water sources
from contaminants or remediation of sources already contaminated is crucial.
Thus, understanding the transport and entrapment of non-aqueous phase liq-
uids in geological formations is of the utmost importance. The petroleum
and oil industry is one of the biggest sources for such contaminants, the very
process of drilling and extraction of oil can lead to contamination of aquifers
in the vicinity if proper care is not taken, furthermore accidental spills and
leakage from storage tanks can cause contamination of the groundwater sys-
tem. Another big source for contaminants is from landfills. Sanitary landfills
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continue to be the most economical way to dispose solid waste, herein leach-
ing of inorganic and organic pollutants into aquifers is a major environmental
concern. In all these situations the crucial question of interest is the extent to
which a contaminant once released moves and distributes itself in geological
formations. [22,23]
1.2 Multiphase Flow in Physiological Systems
The respiratory system and microcirculatory system are prime examples of
microscale fluidic networks. Whilst in the microcirculatory system the flow
is inherently multiphase due to the presence of blood cells and platelets,
two phase flows in pulmonary airways can either occur naturally or during
therapeutic interventions.
1.2.1 Respiratory System
The oxygenation of blood and removal of carbon dioxide is the primary func-
tion of the respiratory system. The fluidic network comprising the respiratory
system starts with the upper airway of the mouth and nose, descending into
the trachea which bifurcates into two bronchi, one for each lung. There exists
a further twenty three such bifurcations ending in the alveolar sacs consist-
ing of a cluster of alveoli. An alveoli is a small compliant air sac having a
rich capillary blood supply which serves as the primary gas exchange unit.
Generations 0 to 16 of the airway network (the trachea is generation 0), do
not serve any other purpose than to act as flow conduits for the gases. In
generations seventeen to nineteen, the alveoli start appearing on the walls,
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whilst in generations 20 to 22 the walls of the airways are almost exclusively
covered with alveoli; the airway terminates, as mentioned earlier in a cluster
of alveoli. In an adult, whilst the trachea has an inner diameter of about 1.8
cm, the alveoli can be as small as 200-300 µm across, and the total surface
area provided by these alveoli can be nearly 90 m2. [5,6]
All the airways have a thin liquid lining, in the first 15 generations there
are two layers, a mucous layer, and beneath it a serous layer that is watery.
Interestingly the liquid comprising the serous layer is Newtonian, the mu-
cous layer exhibits a number of non Newtonian properties. The remaining
generations of the airway are lined with the serous layer alone and contain
surfactants manufactured by the alveolar type II cells. The surfactant rich
liquid lining helps in keeping the lung compliant. [5,6]
On certain occasion this surfactant rich liquid lining can cause the closure
of an airway, especially when its thick, either by the occlusion of a liquid lens
or bridge, or by promoting a partial collapse of the flexible airway. This
airway closure can occur naturally in healthy subjects. It occurs commonly
at the end of the expiration stage when the airways are at their narrowest.
An airway closure cuts off the downstream sections from gas flow and hence
gas exchange. Airway closure can also be a symptom of diseases that causes
excess liquid to accumulate in the lungs, such as pulmonary edema, conges-
tive heart failure, cystic fibrosis, asthma and emphysema. A closed airway
reopens when airflow forces the liquid plug to translate along the airway,
if the film preceding the plug is thinner than the one trailing it, the plug
progressively becomes smaller and can eventually rupture. [5,6]
There are a number of occasions when a liquid plug is intentionally in-
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troduced into the airway network for therapeutic purposes. In prematurely
born infants, a major cause of mortality is due to their inability to produce
surfactants in their airways, which results in their lungs being less compli-
ant and thus ventilation is often inefficient. Surfactant replacement therapy
where a bolus of surfactant is externally injected into the airway often re-
duces mortality rates in premature babies. Additionally such liquid boluses
can also serve as vehicles for delivering drugs, genetic material or even stem
cells into the airways, and are being explored as means to ameliorate or cure,
chronic lung disease and cystic fibrosis amongst others. [5,6]
1.2.2 Microcirculation in the Cardiovascular System
Microcirculation in the cardiovascular system encompass blood flow in the
smallest blood vessels in the body, these include capillaries which have an
inner diameter of ∼ 4-8 microns, arterioles in the arterial system with in-
ner diameters of ∼ 100 microns and venules in the venous system which are
slightly larger than the arterioles. [4,26] Microcirculation gains importance be-
cause almost 80% of the pressure drop between the aorta and the vena cava
occurs in the microcirculatory systems, and crucially blood flow to individual
organs and exchanges between blood and tissue are facilitated and regulated
by microcirculation, furthermore microcirculatory disorders are one of the
major causes of disease and death.
Microvascular architecture is complex; a single network typically con-
sists of one or more feed arterioles or arteries, a similar number of collection
venules or veins, and anywhere between several to several thousand vessels
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forming a complex three dimensional network in between the feed and col-
lection vessels. The arteriolar network is either organized in an arcade or a
sequential branching arrangement, with the arcade arrangement more com-
mon in vessels larger than 25 microns. [4] Qualitatively as one moves from the
feed artery to the capillary beds, the number of the vessels in the network
increases whilst the width and length decreases. Venous networks are similar
to the arteriolar counterparts in their branching architecture but consist of
a greater number of vessels with individual segments that are shorter but
wider. [4] The capillary bed connects the arteriolar and venous networks, and
are again laid out in a branching architecture with each pre capillary arte-
riole branching into three to six capillaries and each post capillary venules
collecting blood from several capillaries. These capillary beds provide a large
surface area for exchange of materials between blood and the organs.
The flow of blood in the microcirculatory system is essentially a multi-
phase phenomena. Blood consists of a suspending fluid, the blood plasma,
which is basically an aqueous solution of a wide array of chemicals. The
suspensions in blood, or the formed elements consist of red blood cells (ery-
throcytes), white blood cells (leukocytes), and platelets (thrombocytes). The
red blood cells are biconcave discs that are typically 6-8 microns in diameter
and around two microns in thickness. They primarily function as oxygen
carriers. The body produces several classes of white blood cells, including,
neutrophils, basophils, eosinophils, monocytes, lymphocytes, macrophages,
and phagocytes, these cells are integral to the body’s immune response. In
general most leukocytes are just slightly larger than the erythrocytes (around
8-15 microns). Platelets are responsible for blood clots, they are discoid par-
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ticles that have a diameter of around 2 microns. [4,26]
Blood flow in the microvascular networks exhibits a number of intriguing
phenomena, a prime example is the observation of substantial imbalance red
blood cell concentration and velocity between vessels of similar size in the
network. [27]
1.3 Multiphase Flows in Structured Microchan-
nels
Thus far multiphase flows in naturally occurring microchannel networks has
been briefly described. Droplet and bubble based microfluidic “Lab on a
Chip”devices, multiphase monolith reactors, segmented flow microchannel
heat exchangers are examples of much current interest and technological
importance where the transport of two or more immiscible fluids occur in
engineered microchannels. [7–15]
1.3.1 Microfluidics
In general, microfluidics can be viewed as the handling and manipulation of
small amounts of fluids, typically 10−9 to 10−18L, in engineered microchannels
having a characteristic cross sectional dimension of tens to hundreds of mi-
crons. [28] The first microfluidic devices appeared on the scene nearly 35 years
ago in form of a miniaturized gas chromatography system. Fabricated out
of silicon, the gas chromatograph had an electromagnetic injection system,
a heat conductance sensor, and a 1.5 m long separation column, all minia-
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turized into a single chip that was no bigger than a few centimeters wide. [29]
This first microfluidic device, illustrates wonderfully the technologies that
were crucial to the birth of microfluidics, and the applications that initially
drove it. Microelectronic fabrication methods, especially photolithography
with silicon, and allied fabrication techniques used in the manufacture of
miniaturized electromechanical systems (MEMS) were crucial to the birth of
microfluidics.
Perhaps it is not surprising that the first microfluidic device was an ana-
lytical system given that the most obvious advantages of miniaturization in
microfluidics is the ability to handle small sample volumes. Unfortunately,
the first miniaturized gas chromatograph didn’t spur other research in the
nascent field of microfluidics; only after an interregnum, in the 1990s did
a renaissance and proliferation of microfluidics into varied fields of research
occur. This renaissance was again driven by applications in analysis, in 1990
Manz and coworkers developed what the first micro total analysis system
which incorporated, sample pretreatment, separation and detection onto a
single chip, thus the concept that a whole lab can be miniaturized onto a chip
was born. Currently in addition to chemical analysis, microfluidics finds ap-
plications in microbiology, chemical and material synthesis, high throughput
screening, and combinatorial analysis to name a few. [9–15,30–32]
Microchannel Fabrication: Crucial to these various applications is the
ability to fabricate microchannels of desired designs in variety of materials. [33]
Fabrication of microchannels in silicon, glass, ceramics, metals and plastics
is currently well established. Silicon based microchannels are typically fab-
ricated by either wet chemical etching or dry etching. Wet chemical etch-
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ing with a mixture of hydrofluoric, nitric and acetic acids (HNA) can yield
isotropic channels, whilst anisotropic channels with wet chemical etching is
achieved by using Potassium hydroxide. Dry etching techniques such as deep
reactive ion etching can yield structures with aspect ratios(height/width) on
the order of 30:1. Glass microreactors are either chemically etched using a
mixture of hydrofluoric acid and BOE, or by sand blasting. Thermal, fusion,
and anodic bonding are typically used to seal the etched microchannels. [32]
Ceramic based microchannels, typically used in extremely high tempera-
ture processes is fabricated by molding techniques, whilst metal reactors can
be made by mechanical micromachining, laser ablation and electro forming.
Plastics are perhaps the most widely used materials for fabricating mi-
crochannels. Hot embossing and injection molding techniques can be read-
ily used to fabricate microchannels using thermo plastics like poly(methyl
methacrylate) (PMMA) and polycarbonate (PC), cyclo-olefin polymers and
copolymers (COP, COC). Perhaps the most widely used microchannels are
made out of poly(dimethylsiloxane) (PDMS) an elastomer. [34] Fabrication
of PDMS microchannels is relatively simple, it essentially involves using a
negative photoresist SU-8 to create a master pattern using photolithography
and using the SU-8 master as a mold for replica molding, wherein the PDMS
is cast on to the SU-8 master, cured, and peeled off. The PDMS replica is
then bonded to glass to seal the channels. Excellent prototypes can be made
at low cost, but microchannels made out of PDMS have limited window of
operating temperatures and pressures, and are incompatible with most or-
ganic solvent. There have been recent attempts though to minimize these
problems by modifying the PDMS channel surfaces. [9,32]
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Flow Generation: The most basic way to generate flows in microfluidic
systems is by spontaneous capillary imbibition. Pressure driven flows though
are most common. Herein fluids are pumped either using syringe pumps or
from pressurized cylinders. Pressure driven flows are widely used in a wide
variety of microfluidic applications. Electroosmotic flow is also a popular
means for driving fluids in microchannels. Use of centrifugal forces, surface
acoustic waves and electrowetting have started to gain traction over the past
few years. [35]
Unique Advantages of Multiphase Microfluidics: Multiphase mi-
crofluidics involves the flow and transport of reagents or analytes as confined
droplets or bubbles in engineered microchannels. Such droplet or bubble
based microfluidic systems have a number of unique advantages, which we
catalogue below.
Confinement of immiscible fluids in microchannels leads, as we have seen
earlier, to the dominance of surface forces over those of viscous, inertial
or gravitational in origin. This has been readily and elegantly exploited
in the field of multiphase microfluidics to robustly and controllably generate
droplets, bubbles, foams, and complex emulsions. [36–45] Highly mono-disperse
emulsions can be created at productions rates of upto 1000 per second, at
sizes that can be effectively controlled from the tens to hundreds of microns.
Different channel configurations have been explored for emulsion generation,
the most common are T-junctions and Flow Focussing geometries. An in-
teresting application that has emerged purely from this ability to generate
mono-disperse emulsions is the fabrication of polymer microparticles. Various
spherical, non spherical particles, having multiple functionalities or compos-
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ite structures have been synthesized. [13]
Going hand in hand with the ability to form mono-disperse emulsions is
the ability to compartmentalize nano-picoliter volumes of reagents into such
emulsions. By suspending the droplets in an appropriate medium, the con-
tents of each individual droplet can be completely isolated. Each droplet
herein can function as a unique reaction flask. The ability to isolate reagents
in droplets has been used to great success in emulsion based PCR. Herein
the DNA molecules are confined in individual droplets. The droplets are
monoclonal, in that each droplet contains no more than a single template,
thus each template can be amplified in isolation avoiding competition be-
tween multiple amplicons. Monoclonal droplets can be achieved by simply
ensuring that the sample is dilute enough. [30,31]
In addition to being able dispense and isolate reagents in droplets, each
droplet can be individually addressed and manipulated. [46–55] Droplets can
be split, fused and sorted. The contents in individual droplets can be probed
by a number of methods. Fluorescence spectroscopy is probably the most
popular. Integration of detection systems allow the ability to probe droplets
at different times. [30]
In contrast to single phase microfluidic systems, were mixing is generally
diffusion driven due to inherently low Reynolds number flows, the contents
isolated in droplets can be mixed rapidly. This ability to rapidly homogenize
the contents dispensed into droplets has been exploited to measure the ki-
netics of fast reactions [10]. Additionally this allows shape and size controlled
synthesis of nanoparticles, in systems characterized by fast reaction or growth
rates. [14] The high surface to volume ratios results in fast rates of heat and
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mass transfer between the different interfaces. High heat transfer rates can
enable safe and efficient handling of highly exothermic reactions. [9,32] Whilst
high mass transfer rates can enhance reactions that were traditionally lim-
ited by mass transfer, additionally fast and efficient separation by microfluidic
distillation or extraction can be achieved.
These advantages have resulted in multiphase microfluidic systems with
confined bubbles and droplets being used for a variety of applications, rang-
ing from high throughput screening and analysis in chemistry and biology,
chemical and material synthesis and drug discovery. [9–15,30–32]
1.4 Engineering multiphase flows in microchan-
nel networks
As reviewed above multiphase flow in microchannel networks is fundamen-
tal to a number of technologically important processes. In porous media
flows, not only is the network topology highly complex, heterogeneity in ma-
terial composition can occur at multiple length scales. A typical petroleum
reservoir consists of layers of different sedimentary rocks tens to hundreds
of meters thick, with interstitial spaces in these layers varying from tens to
hundreds of microns across. [1] In enhanced oil recovery processes, the pri-
mary question of interest is, under what conditions maximum recovery of
the trapped oil is possible. [1,20,21] The answer to this question predominantly
lies in the microscopic phenomena that occur at the pore scale. Herein the
paradigmatic problem can be defined as the displacement of a blob of oil
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trapped in the pore space by another immiscible fluid. In general, beyond
a certain flow rate the blob of oil can start to move as the capillary forces
responsible for the trapping is overcome by viscous forces generated by the
flow, additionally the blob can also break up and get trapped again in smaller
pore spaces, which will in turn require higher rates of flow to dislodge. [2] If the
viscosity of the oil is vastly different from that of the displacing fluid, viscous
fingering can occur, leading to the inefficient sweep of the pore spaces, and
thus inefficient oil recovery. [20,21] Additionally, high viscosity or density con-
trasts between the oil and the displacing fluid can also result in the displacing
fluid short circuiting through high permeability regions in the reservoir, again
leading to inefficient sweep efficiency. [20,21]
In the storage of CO2 in geological formations such as oil reservoirs or
deep saline aquifers, mechanisms of CO2 entrapment that allow the largest
storage and least chance of leakage back into the atmosphere have to be
elucidated, in addition an ability to predict the movement of injected CO2 in
geological formations is important. For example in the storage of CO2 in deep
saline aquifers, the immobilization of the CO2 can occur through different
mechanisms. The CO2 can exist as a separate phase below a layer of low
permeability rocks such as shales or evaporites, here the low permeability is
primarily due to the capillary pressures that need to be overcome in displacing
the water from the pore spaces in these cap rock formations. CO2 can also
be immobilized by dissolution in the brine. Additionally, capillary snap of
mechanisms, wherein CO2 first invades the pore spaces and is subsequently
snapped of into bubbles by curvature driven flows of the brine as thin films
on the pore surfaces; the snapped off bubbles remain entrapped in the pores
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due to capillary forces. [3,19]
To design effective and efficient strategies for oil recovery, CO2 seques-
tration by subterranean injection, and remediation of contaminated aquifers,
a thorough understanding is needed of how microscopic pore scale hydrody-
namics and physicochemical phenomena, impact macroscopic flow behavior
and measurable quantities such as permeability or sweep efficiency. The large
differences in the length scales between the pore and macroscopic dimensions,
the highly heterogenous nature of porous media in almost all pertinent length
scales, and the fact that flow driven changes in fluid distribution and con-
figuration in the pore spaces can in turn affect the mobility of the fluids,
make it challenging to describe of multiphase flows in porous media. [1,2,24,25]
A means to make such a description tractable is to consider prototype flows
on the scale of individual pores, gain a thorough understanding of the hydro-
dynamics of such pore scale prototype flows, and then subsequently embed
these results in network models to compute macroscopic transport parame-
ters. [1,2,24,25] Given that a number of the observed macroscopic flow behavior
has it roots in microscopic pore scale phenomena, pore network models have
been quite successful in predicting a wide range of macroscopic flow parame-
ters, specifically when appropriate descriptions of pore scale hydrodynamics
is available in form of prototype flows. Three prototype flows are generally
explored, and are crucial for the success of pore network models flow of
a confined droplet or bubble in a straight channel, constricted channel and
branched channel. [2,56]
Fluidic networks occurring in physiological systems are far less complex
than those occurring in porous media, and topology of networks such as
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the pulmonary airway are thoroughly understood. An important scenario
wherein multiphase flows occur in pulmonary airways is the delivery of ther-
apeutic agents into the lung. For example, successful injection of surfactants
into the lung of premature babies can make the lung more compliant and
ventilation more efficient. This procedure can reduce mortality in neonates
by as much as 30%. Prediction of conditions that enable homogenous distri-
bution of the injected bolus of surfactant or other therapeutic agent in the
pulmonary airways is crucial. [5,6] The transport of a single liquid slug through
a straight and branched microchannel, are two prototype flows that are fun-
damental to the understanding of the dynamics of liquid plug propagation
in pulmonary airways.
Similarly the translation of a single confined bubble through branched
microchannels serves as a model for understanding microvascular gas bub-
ble transport in air embolism, which can be fatal if the bubble lodges in
the microvascular network of the brain or coronary system. Recently such
prototype flows have been crucial for the development and evaluation of gas
embolotherapy strategies used in the treatment of cancer. [57]
In circulation of blood in microvascular networks, most widely used the-
oretical models consider blood to be a homogeneous fluid with an apparent
viscosity that accounts for the presence of formed elements such as blood cells
or platelets. Such models have been quite inaccurate in predicting hemody-
namic parameters, even in microvascular networks whose topology is com-
pletely known. [4] Accurate modeling of blood flow in microvascular networks
requires the discrete nature of blood cells to be accounted for, especially in
cases where the individual blood vessels have an inner diameter less than that
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of 20 microns. Additionally prototype flows to understand blood circulation
in microvascular networks should go beyond that of a single red blood cell
translating through a blood vessel, as interactions between blood cells can
have major implications. [4]
In contrast to natural fluidic networks that occur in porous media or
physiological systems, a vast majority of current droplet and bubble based
microfluidic devices have very simple and basic microchannel layouts. Driven
forward by demands of parallelization and integration of multiple function-
alities into a single platform though, an increasing number of devices for
multiphase microfluidics consist of interconnected fluidic networks of a higher
degree of complexity. [58–61] Yet even in these devices the degree of complexity
is no where near those seen in porous media, and it most probably never will
be. Unlike multiphase flow phenomenon in porous media, wherein pore scale
prototype flows and pore network models are used to compute macroscopic
flow parameters, what is often required in a microfluidic system is an ability
to predict and regulate the trajectory of each and every droplet or bubble as
it traverses through what could be a very elementary microchannel network.
What is challenging herein is that the traffic of ensembles of bubbles or
droplets through even the simplest of microfluidic networks displays com-
plex behavior associated with non-linear dynamical systems; trajectories of
successive bubbles or droplets through the network can display periodic or
chaotic dynamics, degenerate cyclic states and multi-stability. [62–65] This is
so because the path taken by each bubble or droplet that arrives at a junc-
tion depends on the rates of flow into the junction branches; with bubbles
and droplets modifying the hydrodynamic resistance of a channel they are
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present in, the paths taken by an individual bubble or droplet at a particular
junction thus becomes inextricably linked to the past trajectories of bubbles
and droplets that have passed through that junction.
Thus precise description of droplet and bubble scale hydrodynamics and
flow behavior in prototypical network geometries such as junctions are re-
quired to describe and predict complex dynamics associated with the traf-
fic of ensembles of bubbles or droplets through microfluidic networks and
identify regions of regular behavior. This is essential to not only design
and robustly operate multiphase microfluidic devices but also develop facile
strategies to split, merge, sort, direct and filter droplets or bubbles as they
traverse through microfluidic networks. An ability to perform such logical
operations on digital flows is crucial to widen the range of applications ac-
cessible to multiphase microfluidics. Though there are a number of “active”
methods to regulate and manipulate droplet or bubble traffic through pneu-
matic, magnetic, optical, thermal and electrical actuation, [46–55]the complex
device architecture and peripherals required render these methods to be far
less desirable than “passive” methods which exploit nothing more than the
careful design and layout of microchannels and the rates of flow through
them. [66–73]
Understanding the hydrodynamics of prototype flows in prototypical net-
work geometries is crucial, as we have elaborated above, to engineer multi-
phase flows both in naturally occurring microscale systems such as geological
formations or pulmonary airways, and in man-made structured microfluidic
systems. The broad questions that need to be answered in these various
fields maybe different, but the means to answer them almost always lies
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in looking at flow of immiscible liquids, most often as confined droplets or
bubbles, in simple, yet fundamental microchannel geometries, be it a single
straight microchannel or an elementary junction wherein an input channel
branches out into two output channels. Important lines of investigations
herein typically center on establishing relationships between the pressure
drop across a microchannel filled with confined bubbles or droplets and the
rate of flow through the microchannel; and on the behavior of confined bub-
bles and droplets as they flow through a channel bifurcation. In the next
section we give an overview of research on such problems, we concentrate
on confined bubbles and droplets (in other words segmented flows) in par-
ticular, as they are most relevant to a wide range of multiphase flows that
occur in geological, and physiological systems, and are technologically the
most important flow regime.
1.5 Confined Bubble and Droplet Dynamics
In Microscale Systems - an Overview
1.5.1 Pressure Drop
Traditionally pressure drop in multiphase flows have been modeled either by
a homogenous model or a separated flow model. [74] The homogenous model
assumes that the two phase flow can be modeled by a single phase flow of
a pseudo-liquid. The physical properties of the pseudo-liquid is determined
from the physical properties of the individual phases using correlations that
take into account the fraction of the two phases present in the flow. The
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viscosities and densities of the pseudo-liquid calculated in this manner is
then used to calculate the pressure drop. [75]
In the separated flow model, the pressure drops for two phase flows are
calculated from the values of the pressure drop due to the single phase flow of
either phase, multiplied by a two-phase frictional multiplier. [76,77] Lockhart
and Martinelli first used such methods for calculating the pressure drops
for two-phase flows. Broadly speaking the two-phase pressure drop per unit
















(4P/L)G and (4P/L)L are the pressure drop pre unit length for pure gas
and pure liquid flows respectively, and ϕG and ϕL are the two phase frictional












These model can be readily used to obtain order of magnitude estimates
of two-phase flow pressure drops particularly in macroscale systems. In that
they do not use any details of flow pattern, they can be advantageous in
situations where such information is lacking.
In microscale geometries, both the homogenous and separated flow mod-
els have had less success in predicting pressure drops of two-phase flows.
This is so, because these models are based on single phase flows and there-
fore completely ignore surface tension effects which are brought to the fore
in multiphase flows in microchannels. Chen and coworkers tried to modify
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the homogenous and separated flow models for microscale flows by account-
ing for surface tension effects by means of correction factors in terms of
Bond or Webber numbers. In collecting experimental measurements from 11
different sources, they found that even their modified models failed to ac-
curately predict experimental data. [78] Tran and coworkers proposed a new
correlation for tubes of diameters 2.4 to 2.92 mm based on the separated flow
model, accounting for surface tension effects by introducing a confinement
number. [79] Ribatski coworkers collected experimental micro-scale two phase
pressure drop data from nine previous studies and compared the effective-
ness of twelve different macro scale and micro scale models in predicting the
pressure drop. They found that the best of the models predicted only 53.1%
of the data to within 30%. [74]
The failure of adapted homogenous or separated flow models which con-
sider the effects of surface tension to accurately predict pressure drops of
microscale multiphase flows stems from the fact that they ignore hydrody-
namic details specific to the two phase flow pattern. In fact in their original
paper Lockhart and Martinelli state that their model can never yield good
predictions for segmented flows.
In segmented flow, wherein a train of confined bubbles (or droplets) is
convected through a microchannel, the total pressure drop across the mi-
crochannel 4P filled with n bubbles is typically modeled as the summation
of the pressure drops across the n bubbles and the n liquid slugs (a continu-
ous phase liquid between two bubbles is called a liquid slug). This model is
referred to as the unit cell model, where a unit cell is composed of a single
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bubble and liquid slug. [80–83]
4P = n4 Punitcell = n (4PB +4PL) (1.7)
where4PB and4PL are the pressure drops across a single bubble and single
liquid slug. The pressure drop across the liquid slug can be readily modeled
as a Poiseuille type pressure drop, what is more critical is the pressure drop
across the bubble wherein the presence of interfaces must be accounted for.
The transport of single confined bubbles in circular capillaries was first
studied by Fairbrother & Stubbs [84] more than 75 years ago. They wanted
to use confined bubbles in capillaries as an indicator for the flow speed, but
always found that the speed of the bubble was always slightly higher than the
surrounding liquid in systems where the liquid completely wet the capillary
walls and reasoned that this was due to a thin film of liquid encapsulating
the bubble. Taylor in 1961 studied the thickness of the film encapsulating
the bubble and found that the thickness reached an asymptotic value of 0.55
at high capillary numbers. He also postulated the various flow patterns that
could exist in the liquid slug. [85] Bretherton also in 1961 used lubrication
analysis for the transition regions at the front and back of the bubble (where
the film forms and drains respectively), and gave expressions to determine
excess bubble velocity, film thickness and pressure drop across a single bub-
ble. Bretherton found that when a confined bubble moves with a velocity
of UB through a capillary of diameter d, filled with a liquid of viscosity µ
and gas liquid interfacial σ , the thickness of the deposited film δ is given
by δ/d = 0.66Ca2/3 and the pressure drop across the bubble is given by
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4P = 7.16(3Ca)2/3(σ/d). [86] The Capillary number Ca is defined as µUB/σ.
We describe below the Ca2/3 scaling for the pressure drop across the confined
bubble.
Figure 1.2: Representation of the front cap of a moving bubble showing the
spherical, transition and uniform film regions
For a static bubble the Laplace pressure jump across the gas-liquid inter-
face is given by 4Pinterface = 2σκ, where κ is the curvature of the interface.
When the bubble starts to move it is encapsulated by a stationary film. The
front of the moving bubble in a circular capillary is spherical with κ = 2/r
where r is the radius of the capillary (if r  δ, the film thickness). There
exists a transition region of length l between the spherical cap and region of
constant film thickness. The thickness of the film δ can be determined by
the now famous Bretherton scaling ( Landau, Levich and Derjaguin had used
a similar scaling argument earlier to describe the thickness of films during
32
Confined Bubble and Droplet Dynamics In Microscale Systems - an
Overview
the coating of solids). In the region of the constant film thickness the cur-
vature is given by 1/r ( again for the limit of r  δ). The curvature in the
end of the transition region can be approximated as the second derivative of
δ(x),∼ δ/l2. As the pressure inside the bubble is constant, the curvature of
the bubble in the region of constant film thickness can be matched with the
curvature at the end of the transition region or 1/r ∼ δ/l2. This expression
has two unknowns, δ and l. Lubrication equations can be used to describe
the flow in the transition region, thus viscous stresses can be balanced with
the pressure gradient to yield µUB/δ
2 ∼ σ/(lr). Using the two preceding
relations the film thickness is found to be δ ∼ rCa2/3, and length of the
transition region is found to be l ∼ rCa1/3,(this again holds good for r  δ
or Ca 1). The contributions to the pressure drop across the entire bubble
length is entirely due to pressure drops across the moving caps. There is
essentially no pressure drop across the body of the bubble as it is inviscid
and the deposited film is stationary. The pressure drop across the bubble
cap can be determined by balancing the force required to move the bubble
cap with the drag at the walls in the transition region [87].
4PcapAbubble = τwallAwall (1.8)
where 4Pcap is the pressure required to move the bubble cap, Abubble is the
area of the bubble cap, τwall is the drag at the wall in the transition region
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The pressure drop caused by the movement of the front cap is thus of the
order of (σ/r)Ca2/3. The front and back caps of the bubble are perturbed
differently by the flow, therefore the difference in pressure drop across the
caps gives the pressure drop across the bubble which is also of the order of
(σ/r)Ca2/3.
Polygonal capillaries are inherently different from their circular counter-
parts. Concus & Finn showed that for an N-sided polygon, in systems were
the contact angle is less than pi/4, liquid gets spontaneously imbibed in the
channel corners. [88] Ratulowski & Chang first modeled the flow of confined
bubbles in non-circular capillaries. They found that for sufficiently large
Capillary numbers (Ca > 0.04), the bubble is axisymmetric and the pres-
sure drop across the bubble therein scales as Ca0.14. [82] Wong and coworkers
studied confined bubble transport in polygonal capillaries, they found that
whilst near the bubble nose a Bretherton type scaling holds, at the sides
of the bubble away from the tip of the bubble nose, the presence of liquid
at the microchannel corners results in curvature driven draining of the de-
posited film. They modeled the film deposition and rearrangement of the
film and were able to derive relationships for the pressure drop across the
bubble. For rectangular microchannels with widths (w) equal to twice the
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They also additionally found that liquid in such microchannels can either
flow both by pushing the bubble and overtaking it by flowing through the
corners. The bypass flow dominates only at very low speeds of propagation,
for Ca > 10−6, the relationship given by equation 1.9 is valid. [89]
Theoretical models by Bretherton, and Wong et al. have been confirmed
and complemented by a number of numerical studies, [90–92] we do not focus on
such numerical studies here but move on to highlight experimental studies
of segmented flows in microchannels. Specifically we look at experiments
that measure and describe the pressure drop across microchannels filled with
confined bubbles or droplets.
Confined Bubbles: Perhaps the most conclusive study on pressure
drops in circular glass capillaries for segmented gas liquid flows is that per-
formed by Kreutzer and coworkers. [93] They measured the pressure drops in
circular capillaries with diameter of 2.3 mm for three different gas liquid sys-
tems, air-water, air-decane and air-tetradecane. They modeled the pressure
drop in segmented gas liquid flows by analyzing the pressure drop due to
moving interfaces and that across the liquid slugs inform of an apparent fric-
tion factor. They found that for long liquid slugs the friction factor for the
liquid filled parts of the capillary fapp was equal to 16/Re, the single phase
value. For short slugs and non negligible inertial effects they found that their
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A value of a=0.17 was arrived at from a fit of the experimental data, whilst
their numerical experiments yielded a constant of 0.07. They reasoned that
this increase was due to an increase in the per bubble pressure drop by a
factor of 42/3 due to Marangoni effects caused by trace impurities.
Warnier and co workers [94] investigated the pressure drop of nitrogen-
water segmented flows in circular glass capillaries with a diameter of 250
µm. They used a unit cell model, the pressure drop across a single liquid
slug was described by the Hagen-Poiseuille equation by assuming a fully de-
veloped flow. The pressure drop across the bubble was modeled as a Brether-








They found that for Re = 41− 159 and Ca = 2.3− 8.8× 10−3, their model
predicted the measured pressure drop to within ±4%.
Walsh and co-workers [95] studied segmented flow pressure drops in cir-
cular steel and teflon capillaries with 1 mm internal diameter for various
air/liquid combinations (Water, Dodecane, n-Hexane, Fluorinated oil, Sili-
cone oil). They found that the model developed by Kreutzer and coworkers
could accurately describe the measured pressure drops.
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Cubaud & Ho [17]studied gas liquid flows in microchannels of square cross
sections (w = 200, 525µm) fabricated out of silicon and glass. Pressure drops
were measured for various flow patterns. For segmented flows they found that
a Ca2/3 scaling couldn’t describe their measurements. They found that the
measured pressure drop could be empirically described by
4Ptwo−phase = 4Pliqα−1/2L (1.16)
where 4Pliq was the single phase pressure drop calculated at the liquid flow
rates and αL the homogenous liquid fraction.
Fuerstman and coworkers [83] used an indirect method to back out the
pressure drop across a rectangular microchannel filled with confined bubbles,
in systems with and without surfactants. The microchannels were fabricated
out of (poly)dimethyl siloxane and had a rectangular cross section with width
w = 100µm and heigh h ∼ 35µm. Instead of using pressure sensors to
measure the pressure drop they generated the segmented flows and directed
it toward a closed loop geometry, by looking at the number, speeds and
lengths of the bubbles in each arm of the loop, and considering that the
pressure drop across both arms of the loop are always identical they were
able to back out relevant parameters for a unit cell pressure drop model. For
surfactant less systems they found that the pressure drop across a confined
bubble could be described by c(σ/h)Ca2/3, with c = 12 (with a confidence
interval of 9.9 to 16).
Molla and co-workers [96] carried out experiments with rectangular mi-
crochannels made out of silicon and glass (w = 117µm, h = 58µm). They
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measured the pressure drop for three different gas liquid segmented flows
(N2/water, N2/dodecane, N2/pentadecane). They accounted for the expan-
sion of the bubbles in the microchannel and found that the model developed
by Kreutzer and co-workers could be used to describe their measurements
albeit with a valued of a = 0.69 instead of a = 0.17.
Droplets: Jovanovic and Rebrov [97] studied liquid-liquid segmented flows
of water in toluene and ethylene glycol in toluene, in circular capillaries with
diameter d = 248 and 498µm. A unit cell pressure drop model used; vis-
cous contributions to the pressure drop in the liquid slug and the body of the
droplet were accounted for by the Hagen-Poiseuille type equation in conjunc-
tion with the assumption that the film encapsulating the droplet is stagnant,
whilst the Bretherton model was used to account for the pressure drop con-
tributions of the curved interfaces. To achieve accurate predictions of the
experimental measurements the prefactor in the Bretherton equation had to
be fitted for various droplet velocities.
Adzima & Velankar [98] studied the transport of water droplets in hex-
adecane (with 1% Span 80) through a microchannel with rectangular cross
section fabricated out of poly(dimethylsiloxane). The ratio of the viscosity
of the continuous phase to the dispersed phase was ∼ 3. Microchannels with
different widths and heights were used (w × h=105 x 74, 200 x 95 and 300
x 95 µm). They found that the pressure drop for droplet flows were always
higher than that for a corresponding single phase flow with the continuous
phase, in addition the excess pressure drop was found to correlate reasonably
well with the droplet sizes.
Vanapalli and coworkers [99] used a microfluidic comparator to measure
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the pressure drop across single confined droplets as they traversed through
a rectangular microchannel (w × h = 200 x 120 µm). Droplets of water in
mineral oil were studied, here the ratio of the viscosity of the continuous
phase to the dispersed phase was varied between ∼ 30 and 1.1 by using
different mixtures of water and glycerol as the dispersed phase. They found
the existence of two different regimes for the pressure drop for Capillary
numbers in the range of 10−3 to 10−2. When the droplet length was less than
4w, the pressure drop was independent of droplet size and capillary number,
whilst in larger droplets for cases were the viscosity of the droplet phase was
lesser than that of the continuous phase, the pressure drop decreased with
an increase in drop size and capillary number.
Effects of Channel Surface Wettability: In all the previous experi-
mental studies, the continuous phase either completely wetted the microchan-
nels or was assumed to do so. There have been a few experimental studies
that have explicitly accounted for channels that do not wet either immisci-
ble fluid completely. Adzima & Velankar [98] found that when the continuous
phase partially wetted the microchannel, the measured pressure drop was
always greater than that for the case were complete wetting was achieved.
Rapolu & Son [100] also found that pressure drop increases with a decrease in
the channel surface wettability.
Lee and coworkers [101] studied segmented flows circular capillaries with
gas-liquid systems having equilibrium contact angles, θS = 75
◦ and 110◦. The
pressure drop across bubbles were modeled using correlations for dynamic
contact angles, with experimentally fitted parameters. Ody [102] investigated
the transport of bubbles in rectangular capillaries filled with different liquids
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that either completely wetted or partially wetted (θS > 80
◦) the channel
walls. In the partially wetting systems, correlations for dynamic contact
angles were used to model the pressure drop across the bubble.
In all current experimental investigations, such high equilibrium contact
angles precludes the existence of liquid wedges in the corner, additionally the
front and rear caps of the translating bubble always involves the movement
of a contact line.
1.5.2 Confined Bubble and Droplet Transport in Junc-
tions
In this section we look at the traffic of confined bubbles or droplets in elemen-
tary microfluidic junctions. Droplets and bubbles that arrive at a junction
either break up or flow entirely into one of the arms of the junction. Link and
coworkers [58] studied the break up of droplets at a microfluidic junction, they
found that beyond a critical capillary number that depends on the length of
the droplet lB, break up at the junction can occur. They were able to model
this critical capillary number for break up Cacr as a function of the droplet










Engl and coworkers [73] studied the traffic of droplets at a microfluidic
junction. They found that when a train of confined droplets reach an asym-
metric microfluidic junction, they can either entirely sort into the shorter
arm or get distributed between both arms of the loop. They found that the
transition between the former “Filter Regime” and the later “Repartition
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Regime”was driven by the dilution (inter droplet distance) of the incoming
train. They explained this phenomenon qualitatively by looking at a droplet
at a locally symmetric junction, it always gets directed into the arm with the
highest rate of flow into it, and as outlets of both arm of the junction opened
to atmospheric pressure, this meant that the incoming droplet gets directed
into the arm with the least resistance to flow. At high dilutions of the train,
each droplet gets directed into the shorter arm, the one with the lower resis-
tance to flow. They assumed that the droplets increase the resistance to flow,
when the dilution of the incoming train was lowered, the number of droplets
in the shorter arm increased, increasing also its resistance to flow. Beyond a
threshold dilution, the number of droplets in the shorter arm becomes high
enough to make its resistance larger than that of the completely filled longer
arm, the droplets then start to get distributed into both arms of the junction.
In this repartition regime each droplet arriving at the junction reacts to the
instantaneous state of the system, and gets directed into the arm that has
at that instant the lowest resistance, the choice of the droplet modifies the
balance of the system and thus affects the choice of the next droplet. They
used a mean field theory to obtain semiquantitative results regarding the
transition between the filter and the repartition regime and the distribution
of droplets between both arms during the repartition regime.
The existence of the filter regime in asymmetric microfluidic junctions
have been subsequently seen with other experimental and numerical studies
with traffic at asymmetric junctions. [103] Filter regimes always occur only in
asymmetric junctions and the incoming train always filters into the shorter
arm. This is readily explained by models that assume that droplets and
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bubbles always increase the resistance to flow in the microchannel they are
present in.
Jousse [62] studied the traffic of droplets at a symmetric microfluidic junc-
tion, consecutive droplets were seen to flow into the same arm only in con-
ditions were the time spent by the droplet in that arm was smaller than
the time taken for consecutive droplets to arrive at the inlet of the microflu-
idic junction. The preference for one particular arm in such low frequencies
of the incoming train was down to minute variations in the lengths of the
arms. At higher frequencies drops arrived at the inlet of the junction whilst
previous ones were still in the microfluidic loop, therein the choice of tra-
jectories was determined by the dynamically changing resistances of the two
arms, with the droplet always getting directed into the arm with the lowest
instantaneous resistance. They observed complex patterns of droplet distri-
butions, both periodic and irregular depending on the frequency at which the
droplet arrived at the junction. They used a numerical model which assumed
that droplets add resistance to flow to explain these results. Their simula-
tion results showed that both the asymmetry of the arm and the amount of
resistance added by each droplet had an impact on the pattern of droplet
distribution at the microfluidic loop.
Labrot and coworkers [104] studied the traffic of droplets at asymmetric
junctions and by employing an idealized model to describe the traffic in such
junctions they extracted the effective resistance of droplets. In comparing
the results obtained from the droplet traffic experiments with those obtained
from standard pressure drop experiments they were able to ascertain the
validity of assumptions made in the idealized model describing the traffic of
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droplets in microfluidic loops.
Belloul and coworkers [105] found that during the traffic of the droplets at
a microfluidic junctions, two phenomenon can dictate the trajectories of indi-
vidual droplets at the inlet of the junction. For confined droplets which add
a significant amount to the resistance to the microchannel, the trajectories
of the droplets at the inlet of the junction are determined by the hydrody-
namic feedback, the droplets take flow into the arm with the least resistance
to flow, in doing so they modify the resistance and subsequently affect the
trajectory of the next droplet to arrive at the junction. In contrast for un-
confined droplets, which do not modify the resistance to flow significantly,
they found that it is collisions at the loop inlet that decides the trajectories
of the droplets. In a follow up paper they found that collision driven droplet
distribution in microfluidic junctions can also occur for confined droplets if
the dilution of the train is low enough. Thus based on the train dilution,
3 distinct droplet traffic states can exist in asymmetric junctions, at high
dilutions the train filters entirely into the shorter arm, at intermediated dilu-
tions the train repartitions, and the trajectory of the droplets is determined
by the instantaneous hydrodynamic resistance of the arms, at low dilutions
collisions at the inlet of the junction dictates the traffic.
Cybulski & Garstecki [65] showed that in the traffic of droplets at a mi-
crofluidic junction based on the asymmetry of the junction and the frequency
with which the droplet is fed to the junction the distribution of the droplets
at the junction can exhibit regular, cyclic behavior, or irregular behavior.
Interestingly they found that in the regions of the cyclic behavior there can
exist multiple distinct sequences of droplet routing, each stable. Additionally
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they found that switching between these stable cyclic states is possible by an
externally applied stimulus.
Interestingly in all the above experimental studies, the various traffic
dynamics of droplets at the junction were readily explained by models that
assumed droplets to increase the resistance to flow in microchannels, be it
the simple phenomenon of filtering into the shorter arm of an asymmetric
junction at high dilutions of the train, or the existence of degenerate cyclic
states in droplet routing.
1.6 Thesis Aims and Scope
In this thesis we aim to advance the understanding with respect to pressure
drops across confined bubbles and droplets and illustrate how such dynam-
ics local to the scale of a single bubble or droplet can dramatically impact
the ensemble dynamics of hundreds of bubbles or droplets at an elementary
microfluidic junction. We work exclusively with microchannels of rectangu-
lar cross section, such polygonal geometries are most relevant to multiphase
microfluidic systems and better describe pore geometries in geological for-
mations. We explored Capillary numbers in the range of 10−4 to 10−2 and
Reynolds numbers in the range of 10−2 to 1, again, relevant to the various
microscale multiphase systems highlighted earlier.
In Chapter 2 we describe in detail the methods of fabricating the mi-
crochannels, along with other experimental methods employed in this thesis.
In confined bubble transport through microchannels, thorough theoreti-
cal formulations exist to describe the pressure drop across the bubbles both
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for circular and rectangular channels; existing experimental investigation of
confined bubble transport in rectangular microchannels though remain incon-
clusive. In Chapter 3, we experimentally study the case of confined bubble
transport in rectangular microchannels filled with a liquid that completely
wets the microchannel surfaces. We further extend our investigations to
droplets, a system that is less studied both experimentally and theoretically.
Here we test whether inviscid droplets, wherein the viscosity of the droplet
phase is substantially less than that of the surrounding continuous phase,
behave like bubbles. Chapter 3 ends with a derivation and validation of
an expression for the hydrodynamic resistance of a microchannel filled with
confined bubbles or droplets.
In Chapter 4, we look at the non-ideal case where the microchannel is
filled with a partially wetting liquid. In contrast to existing experimental
investigations where gas-liquid-solid systems with a high equilibrium contact
angles (θS > 60
◦) were studied, here the impact of slight deviations from the
ideal case of complete wetting of the channel surface by the continuous phase
liquid (θS < 25
◦) is investigated.
Whilst current experiments of droplet traffic in microfluidic junction fo-
cus exclusively on the case where droplets always increase the resistance to
flow in a microchannel,in Chapter 5 we look at the opposite case and find
the existence of interesting and counterintuitive behavior, where the bub-
ble or droplet train has the ability to filter into either arm of the junction,
symmetric or otherwise.
We finally end with both an overview of the contributions made in this




This section explains in detail the experimental methods used in this study.
We specifically focus on the protocols common to the various experiments
carried out in this thesis. First, empirical procedures used for the fabrica-
tion of the microchannels are described, subsequently, a brief explanation
regarding pressure measurements is given, and finally image processing algo-




The masters were fabricated using Su-8 2050 (MicroChem), a negative photo
resist. Silicon wafers (4 inch, Syst Integration) were used as the substrate.
A class 100 clean room (Institute of Materials Research and Engineering,
Singapore 117602) was utilized for the lithographic processes used in the
Device Fabrication
fabrication of the master.
The Silicon wafer was first kept on a hot plate (Heidolph) set at 250◦C
for 10-15 minutes to ensure that the wafer was dry. The wafer was then
allowed to cool down for a few minutes by placing it on an aluminum foil. A
spin-coater (Brewer Science, CEE 100) was used to coat the Su-8 2050 onto
the Silicon wafer, the wafer was centered on the chuck of the spin coater and
the Su-8 2050 was dispensed directly from the bottle to the center of the
wafer in such a manner that the Su-8 formed a circle of diameter of about 1
inch, the wafer was then spun immediately. The spin protocol used was as
follows, 15 seconds at 500 rpm and 35 seconds at 2500 rpm.
The coated wafer was then heated at 65 ◦C for 10 minutes and subse-
quently at 95 ◦C for 45 minutes using a hot plate. The coated wafer was
then allowed to cool and it was ensured that there was no shrinkage of the
Su-8 coat during the cooling down. Another coat of Su-8 2050 was done
using the same protocol as above. The coated wafer was left in the clean
room, in a dry box with the relative humidity set at 30% for a minimum of
one day.
The photolithography to define the micro-channels on the Su-8 coated
wafers was carried out using a mask aligner system (MA8/BA6, Suss Mi-
croTech). The emulsion transparency taped on a glass plate served as a mask,
it was ensured that there weren’t any large air gaps between the transparency
and the glass plate. Typical exposure time (UV lamp intensity 8 mW/cm2 )
was 8x5 seconds with an interval of 5 seconds between each exposure. Imme-
diately after exposure the wafer was transferred to a hot plate and heated at
65◦C for 5 minutes and at 95 ◦C for 18 minutes for the post-exposure bake.
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The wafer was then developed using Su–8 developer (MicroChem), by gentle
agitation for approximately 40 minutes, the developer was replenished twice
during the process. Once all the unexposed Su-8 had been dissolved away
the master was cleaned with Isopropyl alcohol and dried under a stream of
nitrogen.
2.1.2 Replica Molding
Replica molding was used to fabricate microchannels of Poly(dimethylsiloxane)
(PDMS) from the Su-8 on silicon masters. Prior to the replica molding the
master was silanized by placing it in a petridish along with a centrifuge
tube containing a few drops of 1H,1H,2H,2H-perfluorooctyl Tetrachlorosilane
(Sigma Aldrich) and subsequently exposing the entire system to a vacuum
for approximately six hours with an aid of a vacuum desiccator.
Figure 2.1: Micrograph of the cross-section of a representative micro-channel
in PDMS. The scale bar represents 100 microns.
The PDMS silicone elastomer kit comes in the form of a base and curing
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agent. The base and the curing agent were mixed in the ratio of 10:1. For
making one PDMS replica of the master 40 grams of the base and 4 grams
of the curing agent were weighed out in a plastic cup and thoroughly mixed
using a plastic spoon. Care was taken to ensure that the cups and spoons
used were free of dust. The mixture was then degassed using a vacuum des-
iccator. The plastic cup containing the mixture was covered with a petridish
and placed in a vacuum desiccator, by repeated application of vacuum and
subsequent venting of the desiccator the mixture was degassed till no more
bubbles appeared during the application of vacuum. This mixture was then
poured over the silanized master placed in a self fashioned aluminum foil
dish, the aluminum foil dish was placed in an oven (Memmert) and baked
for the required time (details are given in the individual chapters) at 70 ◦C.
Subsequently the PDMS elastomer replica was peeled off the master care-
fully, cut into required shape and cleaned using scotch tape (3M). Holes were
also punched for the inlets and outlets in the PDMS replica.
Along with the replica molding of the Su-8 silicon master, a flat slab
of PDMS was also molded from a plain silicon wafer using the exact same
protocols. This PDMS slab was first bonded to a plain glass slide (Corning
Glass Works - 75 mm x 50 mm x 1 mm). The glass slide was first cleaned
with a tissue soaked with acetone followed by ethanol. It was then thoroughly
rinsed with water, dried with compressed air and then subsequently placed
in an oven set at 100 ◦C for 15 min. The glass slide was then plasma bonded
to the flat slab of PDMS. Both the glass and PDMS slabs were thoroughly
cleaned using scotch tape. The glass slide was additionally cleaned using a
Plasma cleaner (PDC 32 G, Harrick), atmospheric air was used as the process
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gas and the glass slide was exposed to the plasma for 2 min. Both the glass
slide and the PDMS slab were subsequently bonded by oxidizing the surfaces
using the Plasma cleaner and then bringing the two surfaces into conformal
contact to form a permanent chemical bond. Both the surfaces were exposed
to the plasma for 35-40 seconds, air was used as the process gas, the PDMS
slab was then aligned over the glass slide and was then dropped gently onto
it. This PDMS slab was then bonded to the PDMS replica of the Su-8 on
silicon master to create the microchannel. The same protocol of thorough
cleaning with scotch tape, followed by exposure to the oxygen plasma for
35-40 s, and then bonding by gently dropping the replica on to the flat slab
of PDMS was utilized.
The uncertainties in channel heights were characterized; a PDMS replica
of the microfluidic loop was first molded, subsequently slices of the channel
were cut carefully, and a digital micrograph of the cross-section was obtained
using a CCD camera (Basler pi640) mounted on a stereomicroscope (Leica
MZ16). The height of the channel was subsequently measured manually
from the micrographs using the Measure Tool in Adobe Photoshop. Heights
at different locations of the microchannel were measured. The average height
was found to be h = 123 µm , with a standard deviation of 0.5 µm.
2.2 Pressure Measurements
Pressure drop across the microchannel was measured by coupling a pressure
sensor (Honeywell 40PC 15 psig) to the disperse phase inlet to measure Pf .
The transducer was regularly calibrated to take into the account the inherent
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drift in the signal that occurs over a period of time (∼ month). The trans-
ducer was first glued to a to a standard 1/16 inch outer diameter PEEK
tubing (∼ 5 cm long) using a five minute epoxy. In gas-liquid experiments
a PEEK tubing with a very small inner diameter (25− 65 µm) was used to
minimize the dead volume. In experiments with liquid-liquid systems though
this resulted in hysteresis in pressure measurements, accurate measurements
instead were possible when a wide diameter PEEK tube (1 mm ID) was used.
From the measured Pf the pressure drop across the entire microchannel was
calculated as 4P = Pf − Patm.
2.3 Measuring Number of Bubbles, Bubble
Length, Bubble Velocity, and Liquid Slug
Length
The details of the bubble train flow in both the single microchannel used to
measure the pressure drop and in the microfluidic junctions were captured by
a video camera (Basler pi640) mounted on a stereo microscope (Leica MZ16).
The videos of the flow were exported as a sequence of grayscale images which
were subsequently analyzed to determine lB, lS, and U using an in house
MatLab program. The field of view captured in the single microchannel
device included 6 lanes of the channel (Figure 2.2a). In the microfluidic loop,
the field of view included both the inlet to the loop and the lane upstream
of it (Figure 2.2f). The grayscale images were first converted into binary
images using inbuilt MatLab functions (Figure 2.2 b and g). The resulting
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Figure 2.2: Micrographs showing bubble train flow in the single channel
device used for measuring pressure drop (a) and through the microfluidic
loop (f). (b, g) Binary images of the grayscale micrographs shown in (a) and
(f) respectively. (c, h) Cropped binary images showing the region of interest.
(d, i) Plot of the digitized signal obtained by column wise scanning of the
cropped binary images to locate the top edges of the bubbles. The resultant
digitized signal shows the axial location of the bubble (value> 0) and liquid
slugs (value= 0) in the cropped images. The red lines indicate how lB and lS
are measured (in pixel units) from the digitized signal. (e, j) Digitized signal
from two micrographs captured at t1 and t2 are plotted, here t1 − t2 = 0.025
s. x(t) is the axial position (in pixel units) of the front cap of the bubble
from the left edge of the image. The slope of line obtained by plotting x(t)
vs t gives the bubble velocity (in units of pixels/sec)
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binary images are stored as a 2 dimensional matrix composed of ones (White)
and zeros (Black). These binary images were cropped to obtain the region of
interest, i.e the lane at which measurements are to be made (Figure 2.2 c and
h). The cropped binary images were further digitized by performing a column
wise scan to determine the location of the top edge of all the bubbles present
(Figure 2.2 d and i). For each column the row number at which the first
white to black transition occurred was stored. (In columns where no white to
black transition occurred, a value of zero was stored). The resultant digitized
signal possessed all relevant information regarding the axial positions of the
bubbles (signal value> 0) and liquid slugs (signal value= 0). The location
of the back and front caps of the bubbles were determined by scanning the
digitized signal for transitions from a zero to a non zero value and vice versa.
The bubble and liquid slug lengths were then directly measured (in pixel
units) from the locations of the back and front caps of the bubbles (Figure
2.2 d and i). To measure the velocity of the bubble, the position of the front
cap of a bubble from the left edge of the image, x(t), was measured for every
frame as the bubble traversed across the field of view (Figure 2.2 e and j).
The velocity of the bubble was subsequently determined (in units of pixels/s)
as the slope (m) of the line x(t) = mt + c. The pixel units were converted
to length units by first measuring the channel width (w = 300µm) in pixel
units (using Adobe Photoshop) and then using it as a conversion factor. The
number of bubbles (n) present in a microchannel of length L was calculated
as n = L/(lB + lS)
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2.4 Measurement Errors and Error Propaga-
tion
In addition to the uncertainties in the height of the microchannel (h = 123
µm, standard deviation=0.5 µm, 0.4%), there are also uncertainties in bub-
ble/droplet length (lB) bubble/droplet velocity (U) and liquid slug length
(lS). In this section we highlight how such experimental errors propagate





where, 4PL is the summation of the pressure drops across the n liquid slugs
present in the microchannel and n is the number of bubbles/droplets in
the microchannel. Here measurements from a typical experiment are used
- lB = 797 µm (standard deviation=27 µm, 3.4%), lS = 630 µm (stan-
dard deviation=12 µm, 1.9%), U = 2894 µm/s (standard deviation=9 µm/s,





n = 486, (standard deviation=8, 1.6%)
4PL = 12µU(L− nlB)
h2(1− 0.63h/w) (2.3)
4PL = 20898 Pa, (standard deviation=545 Pa, 2.6%)
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4PB = 26 Pa, (standard deviation=1 Pa, 3.8%)





bubbles and droplets in
microchannels
An ability to predict the pressure drop across microchannels is crucial to
engineer any microfluidic system, for that matter any fluidic system, mi-
cro macro or otherwise. In multiphase microfluidic flows there is a lack of
experimental studies to complement and verify the number of theoretical
and numerical work that exist [86,89–92] especially in the case of confined bub-
bles, and in particular, confined droplets translating through microchannels
with non-circular cross sections. [17,83,99,106] In this chapter the pressure drop
across confined bubbles and droplets as they translate through microchan-
nels of rectangular cross section is experimentally studied. In particular we
focus on low capillary number and Reynolds number flows, (Ca ≤ 10−2 and
Re ∼ 1), and conditions wherein the bubbles and droplets are non-wetting,
Confined bubble transport
that is, the continuous phase liquid completely wets the channel surfaces. We
first find that our experimental measurements concerning confined bubble
transport agree reasonably well with established theoretical predictions. [89]
Subsequently, we test the hypothesis that droplets can behave like bubbles in
cases where the viscosity of the droplet phase is far less than that of the sur-
rounding continuous phase. [107] Our experiments with inviscid droplets show
that this is indeed the case. A simple rule is then derived to predict the con-
ditions wherein the hydrodynamic resistance to flow through a microchannel
decreases with an increase in the number of bubbles or drops in the channel,
a phenomenon rarely considered in modeling bubble and droplet traffic in mi-
crofluidic networks. [2,62–65,68–70,73,82,98,103,104,108,109] Lastly a theoretical model
is developed to predict the hydrodynamic resistance of microchannels filled
with bubbles and droplets. This model is seen to predict the experimental
measurements with reasonable accuracy. 1
3.1 Confined bubble transport
We first look at the transport of confined bubbles through a rectangular mi-
crochannel filled with a continuous liquid that completely wets the channel
walls. This ideal case is well studied especially by theoretical and numeri-
cal means.The pioneering theoretical works that looked at bubble transport
through circular capillaries were carried out almost five decades ago. [86] Bub-
ble transport in polygonal capillaries were studied theoretically much later
1A brief note on nomenclature, the subscript B is used in this and the following chapters
to signify both bubbles and droplets. Distinctions between both when needed are made
implicitly in the text
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in the late 1980s and early 1990s. [82,89] The theoretical models developed
therein have been confirmed and complemented by a number of invaluable
numerical simulation studies [90–92]. Interestingly though, there has been a
surprising lack of experimental consensus, which we seek to address [17,83].
3.1.1 Experimental methods
Microchannel fabrication: We performed our experiments with microflu-
idic devices made of poly(dimethylsiloxane) (PDMS). Standard photolithog-
raphy techniques were used to fabricate SU8-on-Silicon masters, details of
which are given in chapter 2. These masters were subsequently used to mold
PDMS replicas; in brief a 10:1 weight ratio of PDMS base and curing agent
(Sylgard 180 kit, Dow Corning) was mixed thoroughly and degassed, the
mixture was subsequently poured over the master and cured for 30-40 min
at 70 ◦C. After carefully peeling off the master, the PDMS replica was thor-
oughly cleaned using scotch tape and holes for the inlets and outlets were
punched. Air plasma treatment was used to bond the PDMS replica to a
flat slab of PDMS molded from a plain Silicon wafer (the flat slab of PDMS
was bonded to a plain glass slide prior to this step). The devices were used
within 30 min from the time of bonding. This empirical protocol yielded
devices whose channel surfaces fully wetted ethanol the continuous phase
in our experiments. More details concerning replica molding are given in
chapter 2.
Flow generation: The PDMS microchannel thus fabricated had a rect-
angular cross section with width w = 300 µm, height h ∼ 123 µm and length
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Figure 3.1: Sketch of the experimental set up for measuring the pressure drop
across a microchannel containing bubbles. Ethanol is pumped at a flowrate
qL using a syringe pump, nitrogen is pumped from a compressed cylinder
set at pressure pG. They meet at a T-junction to generate mono-disperse
bubbles of nitrogen in ethanol. The pressure pf at the gas inlet is measured
L = 0.683 m. The device consisted of two inlets, one each for the continuous
and the dispersed phase. The continuous phase used in our experiments was
ethanol (> 99.9%), purchased from either Merck or Fischer Scientific and was
used as is. The dispersed phase used was purified nitrogen. Nitrogen was fed
from a compressed cylinder to the device via a 25 µm inner diameter PEEK
capillary (30−80 cm long). The cylinder was fixed with a two-stage pressure
regulator, the maximum cylinder feed pressure, pG, accessible was 30 psig.
The PEEK capillary was purchased from Upchurch Scientific, and served to
provide a high pressure drop section before the microchannel. This served
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two purposes, one it enabled pumping in gas at low flow rates, two it ensured
that the gas was pumped at a steady rate. The later is due to the fact that
the pressure drop across the PEEK capillary was orders of magnitude greater
than the pressure fluctuations in the microchannel caused by the entry and
exit of individual bubbles. Ethanol (µ = 1.2x10−3 Pa.s, σ = 22x10−3 N/m, µ
and σ always denote the continuous phase liquid viscosity and the interfacial
tension between the continuous and dispersed phases) was pumped in at a
flow rate qL using a syringe pump (Harvard Apparatus, PHD 2000). Terumo
plastic syringes (3 and10cc) were used, with low volume 3 cc syringes used
while pumping at low flow rates (qL ∼ 1 µL/min). The interface between
the external tubings and the device tubings was made using high pressure
unions purchased from Upchurch Scientific. The ethanol and nitrogen fed to
the PDMS microchannel met at a standard T-Junction bubble generator, to
form mono-disperse bubbles of nitrogen in ethanol with length lB separated
by liquid segments of length lS propagating at a speed U . Schematic of the
experimental setup is provided in Figure 3.1.
A freshly fabricated microchannel was used for each experiment, prior
to the injection of nitrogen the device was flushed with ethanol for ∼ 90
min. lB, lS and U were all controlled by varying pG and qL. Anywhere
between 5∼60 min are given for steady state bubble formation to be achieved.
Under typical conditions highly mono-disperse bubbles and liquid slugs were
produced. Figure 3.2 shows measurements of lB, lS and U and the bubbling
frequency f over a two minute time period, only very rarely do the sizes,
speeds and frequency go beyond ±2% of the mean. The frequency is seen
to oscillate between two constant values, this is perhaps due to the fact that
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the use of syringe pumps introduce minute oscillations in qL.
The details of the flow were captured using a video camera (Basler pi640)
mounted on a stereo microscope (Leica MZ 16). The parameters of the bubble
train (lB, lS and U) were measured and trajectories of individual bubbles were
analyzed using image processing algorithms implemented in MATLAB. The
pressure at the gas inlet of the bubble generator Pf was measured using a
pressure sensor (Honeywell 40PC). As the exit of the microchannel was open
to atmosphere the pressure drop across the entire microchannel (From the
T-junction bubble generator to the outlet) was calculated as4P = Pf−Patm
(More details regarding flow visualization, MATLAB image processing and
pressure measurements are provided in chapter 2)
3.1.2 Results and discussions
Multiphase vs single phase flows: Before delving into determining the
pressure drop across confined bubbles, we devote a short section below to
highlight the difference between single and multiphase flows in microchan-
nels. Our objective in the following section is not to be rigorous with our
experiments and analysis, but to rather acquaint the reader with the unique-
ness of multiphase flows. A sample microchannel pressure drop measure-
ment is given in Figure 3.3a. Here pressure drop across the microchannel
4P , filled with n bubbles, is plotted against the total flowrate through the
microchannel, Qtot. Qtot is the sum of the ethanol flowrate qL and nitrogen
flow rate qG into the microchannel. Whilst qL is directly set in our experi-
ments, qG has to be measured as the gas is fed from the pressurized cylinder
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Figure 3.2: (a) Micrograph, showing the formation and flow of bubbles in
the microchannel. (b-e) Variations in lB, lS, U and f of the bubbles and
liquid slugs generated in a period of 2 minutes. Only very rarely do the sizes,
speeds and frequency go beyond ±2% of the mean.
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at a constant pressure of pG. We approximately calculate qG from the mea-
sured bubbling frequency f and bubble length lB; qG = f(lBwh), herein the
volume of the bubble is calculated by assuming the bubble to be a cuboid.
Figure 3.3a serves to highlight the differences between of the flow of single
liquid through a microchannel, and multiphase flows studied herein. It is well
understood that in single phase laminar flows the pressure drop increases lin-
early with the total rate of flow through the microchannel, in contrast the
measurements in Figure 3.3a show that in the case of bubble train flows in a
microchannel the pressure drop across the entire channel can either increase
with an increase in total flow rate through the microchannel or intriguingly,
remain constant.
Interestingly, a look at the flow ratio qG/qL, shows that the linear increase
in 4P correlates well with experimental conditions where qG/qL stays con-
stant and the regions of constant 4P correlates well with conditions where
qG/qL increases linearly (Figure 3.3a, inset). A qualitative explanation of
this phenomenon is readily tractable, if one looks at the number of bubbles
present in the microchannel and the pressure drop per bubble (defined sim-
ply as 4P/n). The pressure drop per bubble is seen to increase with Qtot,
no matter what the qG/qL (technically here 4P/n is the sum of the pressure
drops across a single bubble and single liquid slug, in other words the pres-
sure drop across single unit cell of length lB + lS) (Figure 3.3b, inset). On
the other hand, n depends intimately on the flow ratio qG/qL. At constant
qG/qL, T-junction geometries produce bubbles and liquid slugs with nearly
the same sizes, [40,44] with n = L/(lB + lS), it can be seen that the number of
bubbles in the microchannel stays constant, at constant qG/qL (Figure 3.3b).
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Figure 3.3: (a) A sample measurement of 4P , showing that in contrast to
single phase flows the pressure drop in multiphase flows can remain constant
with increasing flowrates. (a-inset). Plot showing the variation of flow ratio
qG/qL with increasing Qtot. (b) The number of bubbles in the microchannel is
seen to first slightly increase and then decrease dramatically with increasing
Qtot. (b-inset) The pressure drop per unit cell increases with an increase in
Qtot. The lines here are just guides for the eye
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Figure 3.4: (a) Schematic illustrating the unit cell pressure drop, a unit cell
consists of a single liquid slug and bubble. The pressure drop across the
bubble is due to entirely the difference in the capillary pressure jumps across
the front and the rear interface. 4PB = 4Pf −4Pr. 4PlS is the pressure
drop across a single liquid slug.
Whilst an increase in qG/qL results in an increase in bubble lengths, in turn
causing a decrease in the number of bubbles in the microchannels. Thus a
linear increase in 4P is seen with an increase in Qtot when n stays constant
(or increases), and a constant in 4P can be expected with an increase in
Qtot if n decreases.
Pressure drop across a single confined bubble In our experiments
what is measured directly is the pressure at the gas feed inlet of the mi-
crochannel Pf , with the outlet of microchannel open to the atmosphere, the
pressure drop across the microchannel4P , of length L, containing n bubbles
is determined by
4P = Pf − Patm (3.1)
From this overall pressure drop measurement, to extract the pressure drop
65
Confined bubble transport
across a single bubble 4PB, a model for the overall pressure drop across
the microchannel is needed. The most widely used model is, what is often
termed the unit cell model. [80–83] Herein the pressure drop is modeled as the
summation of the pressure drops across n liquid slugs and n bubbles. A
schematic representation of the unit cell pressure drop given in Figure 3.4. If
4PL is the summation of the pressure drops across the n liquid slugs present
in the microchannel, 4P can be expressed as
4P = 4PL + n4 PB. (3.2)
The number of bubbles in the microchannel can be directly calculated from





The pressure drop across the liquid slugs can be approximated as a Poiseuille
pressure drop; this approximation is valid if across majority of the liquid
slug the flow is fully developed, this is typically the case for low Reynolds
number flows such as those accessed in our experiments. [103] For rectangular
microchannels with w > h this pressure drop is given by [110]
4PL = 12µQ(L− nlB)
wh3(1− 0.63h/w) (3.4)
here Q is the total rate of flow in the microchannel. L− nlB, gives the total
length of the channel filled with liquid. Q can be directly calculated from
the measured bubble speed U , Q = Uwh, if relative speed between the bub-
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ble and the surrounding continuous phase is negligible; this assumption is
quite reasonable in the range of Reynolds and Capillary numbers accessed
in our experiments. [83] We test this assumption by measuring the bubble
speed U and comparing it with the total superficial velocity jG + jL, where
jG = qG/(wh) and jL = qL/(wh). Figure 3.5a and b show that for all the
experimental conditions accessed in our experiments the measured bubble
speed U for all purposes is equal to jG + jL. Bretherton calculated that for
cylindrical capillaries bubbles should always move faster than the surround-
ing liquid by a factor ∼ Ca2/3 due to the stagnant deposited film. In our
measurements we see that for certain conditions this is not observed, this is
probably due to the fact that we approximately calculate qG from the mea-
sured bubbling frequency f and bubble length lB; qG = f(lBwh). With the
assumption that the bubble is a cuboid we slightly overestimate qG; further-
more at Ca = 10−3, the bubble moves 1% faster than the surrounding liquid,
this is within our experimental uncertainties. Therefore with Q = Uwh
4PL = 12µU(L− nlB)
h2(1− 0.63h/w) (3.5)





Substituting equations 3.3 and 3.5 in equation 3.6 we have











Figure 3.5: Comparison between the measured bubble velocity U and the
total superficial velocity jG + jL, where jG = qG/(wh) and jL = qL/(wh). U
is always seen to be within ±5% of jG + jL. U = jG + jL is plotted as a solid
line
In our experiments as mentioned earlier, we directly measure 4P , lB,
lS and U . As the nitrogen bubbles are compressible, we do witness slight
expansion and acceleration of bubbles as they move down the channel to
progressively low pressure regions. Thus averaged values of lB, lS and U
(from measurements at 6 locations along the length of the microchannel)
were used to calculate 4PB using equation 3.7.
For polygonal microchannels, probably the most conclusive theoretical
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Figure 3.6: Experimental measurements of 4PB , the pressure drop across a
confined bubble, non dimensionalised with the capillary pressure scale 2σ/h,
is plotted against the capillary number, Ca in a log log plot. A clear Ca2/3
dependence is seen. The theoretical prediction of Wong and coworkers [89] is
plotted as the solid line, is shown to predict the experimental results with a
decent accuracy. The dashed line is the best experimental fit
work was carried out by Wong and coworkers. [89] In rectangular microchan-
nels with an aspect ratio, w/h = 2, where w is the width of the microchannel
and h the height, they predicted that the pressure drop across a translating




Our values of 4PB calculated from of experiments clearly show a Ca2/3
dependence, and agrees reasonably well with the theoretical predictions of
Wong and coworkers, see Figure 3.6. Instead of a prefactor of 3.15, a simple
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linear regression analysis of our experimental results yield a value of 4.2.
Thus, in transport of bubble trains through a rectangular microchannel with
an aspect ratio w/h = 2.44, filled with a continuous phase that completely
wets the channel walls we find that the average pressure drop across a single




3.2 Confined droplet transport
In this section we study the transport of confined droplets in a microchannel
of rectangular cross section that is filled with a continuous fluid that wets
the channel walls completely. In contrast to gas-liquid systems, liquid-liquid
systems have been rarely studied, theoretically, numerically and experimen-
tally [97,99,106,107]. We seek to answer one main question here, will inviscid
droplets, where the viscosity of the droplet is far less than the surrounding
continuous phase liquid, behave similarly to bubbles, can similar qualitative
or indeed quantitative pressure-speed relations be expected in such systems.
3.2.1 Experimental methods
Microchannel fabrication: We again performed our experiments with mi-
crofluidic devices made of poly(dimethylsiloxane) (PDMS). The same SU8-
on-Silicon master used for fabricating microchannels in the bubble exper-
iments was also used here, but significantly different curing protocols were
followed to yield a hydrophobic microchannel. PDMS replicas were cast from
this master; in brief a 10:1 weight ratio of PDMS base and curing agent (Syl-
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gard 180 kit, Dow Corning) was mixed thoroughly and degassed, the mixture
was subsequently poured over the master and cured for atleast 2 hours at 70
◦C. After carefully peeling off the master, the PDMS replica was thoroughly
cleaned using scotch tape and holes for the inlets and outlets were punched.
Air plasma treatment was used to bond the PDMS replica to a flat slab of
PDMS molded from a plain Silicon wafer (the flat slab of PDMS was bonded
to a plain glass slide prior to this step). After the bonding and glueing of
the inlet and outlet tubes, the microchannel was placed in an oven set at 100
◦C for atleast 24 hours before being used. This empirical protocol yielded a
highly hydrophobic microchannel that didn’t wet water, the dispersed phase
used in our experiments.
Flow generation: The PDMS microchannel thus fabricated had a rect-
angular cross section with width w = 300 µm, height h ∼ 123 µm and
length L = 0.683 m, identical to those used in the gas-liquid experiments.
The device consisted of two inlets, one each for the continuous and the
dispersed phase. The continuous phase used in our experiments was an
ionic liquid (1-ethyl-3-methy-imidazolium bis(trifluoromethylsulfonyl)imide,
[EMIm][NTf2]) (> 99%), purchased from Sigma Aldrich. The dispersed
phase used was ultra pure water. The ionic liquid used dissolves a finite
amount of water, (approximately two weight percent at ambient conditions), [111]
thus prior to it being used in experiments the ionic liquid was saturated with
water. In brief, a vial was filled with nearly equal amounts of water and
ionic liquid and gently agitated for approximately 8 hours, the vial was sub-
sequently left undisturbed for atleast 12 hours to ensure the separation of the
undissolved water and ionic liquid due to their different densities. The ionic
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Figure 3.7: Sketch of the experimental set up for measuring the pressure drop
across a microchannel containing droplets. Water is pumped at a flowrate
qW , and ionic liquid at a flow rate qIL using syringe pumps. They meet at a
T-junction to generate mono-disperse droplets of water in ionic liquid. The
pressure pf at the gas inlet is measured
liquid was then withdrawn, filtered using a 45 micron syringe filter before
being used. Both the ionic liquid and water were pumped using a syringe
pump (Harvard Apparatus, PHD 2000) at flow rates qIL and qW respectively.
Hamilton gas tight syringes (1cc or 2.5 cc) were used for the same. The in-
terface between the external tubings and the device tubings was made using
high pressure unions purchased from Upchurch Scientific. The ionic liquid
and water fed to the PDMS microchannel met at a standard T-Junction
droplet generator, to form mono-disperse droplets of water in ionic liquid
with length lB separated by liquid segments of length lS propagating at a
speed U . Schematic of the experimental setup is provided in Figure 3.7.
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Ionic liquid saturated with water has a viscosity of µ = 22x10−3 Pa.s more
than twenty times that of water. [111] Their interfacial tension is reported to
be σ = 9.85x10−3 N/m. [112]
A freshly fabricated microchannel was used for each experiment. Both the
liquids were pumped in simultaneously at the beginning of the experiment.
If both the liquids entered within a minute of each other, ordered break up of
droplets was ensured. lB, lS and U were all controlled by varying qIL and qW .
Anywhere between 20∼90 min are given for steady state droplet formation
to be achieved. Under typical conditions highly mono-disperse droplets and
liquid slugs were produced. Figure 3.8 shows measurements of lB, lS and U
and the frequency of droplet generation f over a two minute time period,
only very rarely do the sizes, speeds and frequency go beyond ±5% of the
mean. It is seen that the monodispersity achieved in the droplet generation
is not as good as that in bubble generation. This is probably because in
contrast to bubble generation where the bubble breaks up at the T-junction
(Figure 3.2a), in droplet generation the break up occurs at a location slightly
downstream of the T-junction (Figure 3.8a).
The details of the flow were captured using a video camera (Basler pi640)
mounted on a stereo microscope (Leica MZ 16). The parameters of the
droplet train (lB, lS and U) were measured and trajectories of individual
droplets were analyzed using image processing algorithms implemented in
MATLAB. The pressure at the water inlet of the droplet generator, Pf was
measured using a pressure sensor (Honeywell 40PC). As the exit of the mi-
crochannel was open to atmosphere the pressure drop across the entire mi-
crochannel (From the T-junction droplet generator to the outlet) was calcu-
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Figure 3.8: (a) Micrograph, showing the formation and flow of droplets in
the microchannel. (b-e) Variations in lB, lS, U and f of the droplets and
liquid slugs generated in a period of 2 minutes. Only very rarely do the sizes,
speeds and frequency go beyond ±5% of the mean.
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lated as 4P = Pf − Patm (More details regarding flow visualization, MAT-
LAB image processing and pressure measurements are provided in chapter
2)
3.2.2 Results and discussions
4PB the pressure drop across a droplet moving with a speed U typically
has two contributions, one due to the capillary pressure jumps across the
liquid-liquid interfaces at the droplet front and rear, and the other due
to the viscous dissipation along the length of the droplet [97,109]. The lat-
ter scales as λµUlB/h
2 [97,109]; whilst the former, in cases where the con-
tinuous liquid completely wets the channel wall, depends on the thickness
of the continuous liquid film encapsulating the droplet and scales as ∼





, and the viscous contributions can
be ignored when λCa1/3lB/h  1. In our droplet experiments, λ ∼ 0.05,
Ca ∈ [10−4 − 10−2] and lB/h ∈ [3− 7], therefore λCa1/3lB/h is always  1.
In their seminal theoretical work studying the translation of confined
droplets through cylindrical capillaries, Hodges and coworkers showed that
in cases where the ratio of the viscosity of the droplet phase to that of
the continuous phase is far less than one, the droplets can be assumed to be
inviscid and the results derived for bubble transport with respect to deposited
film thickness will be valid for such droplets. [107] In our experiments the ratio
of the viscosity of water to the viscosity of the ionic liquid is ∼ 0.05, thus
water droplets suspended in ionic liquid essentially behave like an inviscid
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Figure 3.9: Comparison between the measured droplet and bubble velocity
U and the total superficial velocity jG + jL, where jG = qW/(wh) and jL =
qIL/(wh) in the case of droplet transport, while jG = qG/(wh) and jL =
qL/(wh) in the case of bubble transport. The droplet velocity is always seen
to be above the measured jG+jL. Whilst for bubbles U is within ±5% of the
total superficial velocity, droplets are seen to be within +10%. U = jG + jL
is plotted as a solid line
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bubbles and the thickness of the deposited film in droplet transport will not
be affected by droplet viscosity, and thus the magnitude of the capillary
contributions to 4PB should be identical to that of an inviscid bubble [107]
The droplet velocity at various total flow rates is first measured and
compared with the total superficial velocity. Analogous to the bubble exper-
iments the total superficial velocity is given by jG + jL, where jG = qW/(wh)
and jL = qIL/(wh). The results are catalogued in Figure 3.9. We find
that similar to confined bubble transport, the measured droplet velocity U is
nearly the same as that of the total superficial velocity jG + jL, though mea-
surements indicate that the droplet velocity is always slightly higher than
that of the total superficial velocity. The difference is never more than 10%
though. Additionally the droplet velocity is also always consistently higher
than the corresponding bubble velocity at similar total superficial velocities.
But this difference is not stark, and can for all practical purposes be consid-
ered negligible.
Figure 3.10 shows a schematic of the pressure profiles across two confined
droplets, one where the droplet and surrounding continuous liquid viscosities
are similar, and the other where the droplet is generally inviscid, wherein the
viscosity of the droplet is far lesser than that of the surrounding continuous
fluid. In the latter case, there is practically no pressure drop across the body
of the droplet, and the capillary pressure jumps across the front and rear
caps contribute to the pressure drop across the droplet, in contrast if the
droplet is not inviscid there should exist a pressure drop across the body of




Figure 3.10: (a) Schematic of the pressure profiles across a confined droplet
where the viscosity of the dispersed phase (µdisp) is far less than that of the
continuous phase (µcont). Here 4PB = 4Pf − 4Pr. (b) The case where
µdisp > µcont. Here there is an additional pressure drop occurring across the
body of the drop 4Pbody and 4PB = 4Pf −4Pr +4Pbody
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Now we check if the pressure drops across a confined bubble and droplet
traveling at identical speeds through identical microchannels are indeed iden-
tical when the drop is inviscid. Again, the procedure adopted in pressure drop
calculations with bubbles was adopted here to calculate 4PB, the pressure
drop across a single confined droplet. In brief the experimental parame-
ter space defined by lB, lS and U was scanned by varying qW and qIL and
the pressure at the water inlet of the droplet generator Pf was measured,
with the exit of the microchannel open to atmosphere the pressure drop
across the microchannel of length L containing n droplets was calculated as





Where 4PL is the total aggregated pressure drop across all the continuous
phase liquid slugs. The pressure drop across the liquid segments can be ap-
proximated as a Poiseuille pressure drop if the transition regions in the liquid
segments are small, this is typically the case for low Reynolds number flows
such as those accessed in our experiments. For rectangular microchannels
with w > h 4PL is given by equation 3.4. Additionally with the assumption
that the total flow rate through the microchannel Q is equal to Uwh, where
U is the droplet velocity, 4PL is given by equation 3.5. This assumption is
of course valid in our experiments as U is always within 10% of the measured
superficial velocities, as shown in Figure 3.9. Recollecting we have equation
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Figure 3.11: Experimental measurements of4PB , the pressure drop across a
confined bubbles and drops, non dimensionalised with the capillary pressure
scale 2σ/h, is plotted against the capillary number, Ca in a log log plot. A
clear Ca2/3 dependence is seen both for bubbles and drops. The theoretical
prediction of Wong and coworkers [89] is plotted as the solid line, is shown to
predict the experimental results with a decent accuracy. The dashed line is
the best experimental fit
3.4 and 3.5




Given that n = L/(lB + lS), 4PB determined from equation 3.7, which is
given by








We directly measure, 4P , lB, lS and U . Unlike nitrogen bubbles, water
droplets are incompressible, thus only measurements at a single location
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in the microchannel for lB, lS and U was used. The calculated value for
4PB for droplets is plotted along with 4PB for bubbles in Figure 3.11. It
can be is quite clearly seen that the experimentally measured pressure drop
across confined droplets is nearly the same as those measured for confined
bubbles at similar capillary numbers. In the droplet experiments higher
capillary numbers are accessed because of the higher µ of the ionic liquid
and lower σ values for the ionic liquid water interface. It is seen that even at
these higher capillary numbers not accessed in bubble transport experiments,
the expression derived pressure drop across confined bubbles predicts the
pressure drop across confined droplets with reasonable accuracies.
Thus for both confined bubbles and inviscid droplets translating through
a rectangular microchannel with an aspect ratio w/h = 2.44, filled with a
continuous phase that completely wets the channel walls we find that the




3.3 Hydrodynamic resistance of a microchan-
nel filled with bubbles or inviscid droplets
In this section we answer the question as to whether the hydrodynamic re-
sistance of a microchannel filled with bubbles or inviscid droplets can ever
be lesser than that of the same microchannel with no bubbles or droplets
present. This is a question of importance because a number of models used
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to describe the traffic of droplets and bubbles in microfluidic networks, im-
plicitly assume that bubbles and droplets always increase the resistance to
flow in a microchannel they are present in. [2,62–65,68–70,73,82,98,103,104,108,109]
Aided by our experimental results from the previous sections we develop a
theoretical framework to predict the hydrodynamic resistance of rectangular
microchannels filled with confined bubbles (or inviscid droplets). In doing
so we find that there are indeed readily accessible conditions wherein the
resistance to flow in a microchannel decreases with an increase in the number
of bubbles or droplets present.
3.3.1 Results and Discussion
Before we delve into deriving a model to describe the hydrodynamic resis-
tance of microchannels filled with droplets or bubbles we first compare the
pressure drop4PB across a confined bubble (or inviscid droplet) of length lB
propagating with a speed U , with the equivalent pressure drop across a liquid
segment of the same length lB, propagating at the same speed U , 4PL,eqv .















We plot both 4PB and 4PL,eqv for two different lB at various U , Fig-
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Figure 3.12: (a) Schematic representation of 4PB the pressure drop across a
confined bubble of length lB traveling at a speed U and4PL,eqv the equivalent
pressure drop across a liquid segment of the same length lB, propagating at
the same speed U . (b) Calculated values for4PB and4PL,eqv for two bubble
lengths plotted against the speed of propagation. 4PL,eqv becomes greater
than 4PB above a lB dependent U .
83
Hydrodynamic resistance of a microchannel filled with bubbles or inviscid
droplets
ure 3.12b. We see that beyond a bubble length dependent U the 4PL,eqv
can become greater than 4PB. This transition occurs at a lower speed for
longer bubbles. Now the ratio of the pressure drop across the bubble and the







































Here we have made comparisons with just a single confined bubble, but as
seen in previous sections the pressure drop, 4P , across a microchannel filled
with n bubbles or droplets can be modeled as the summation of pressure
drops across the n bubbles and n continuous phase liquid segments present
in the microchannel. Thus 4P will be lesser than the pressure drop across
the microchannel filled entirely with the continuous phase liquid (given that
the rates of flow through the channel are identical) when the criterion in
Equation 3.14 is satisfied. Additionally with the hydrodynamic resistance to
flow through a microchannel defined as the ratio of the pressure drop across
a microchannel to the rate of flow through it, the criterion in equation 3.14
should predict the conditions wherein bubbles or inviscid droplets reduce the
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resistance to flow in microchannels. We shall confirm this in the following
sections.
We now proceed to the derive an expression for Rn, the hydrodynamic








here 4P is the pressure drop across the entire microchannel of length L
filled with n bubbles of length lB, Q is the total flowrate, and U the speed
of propagation of the bubbles. From equation 3.2 we have
Rn = [4PL + n4 PB]÷Q (3.16)
















Rn = R0[1− φ] + nRB (3.17)
where R0 is the hydrodynamic resistance of the arm completely filled with
the continuous phase liquid, φ is the fraction of the arm occupied by bubbles
and RB is the resistance to flow caused by a single bubble moving with a
85














h3w(1− 0.63h/w) = αL. (3.19)
RB in turn can be expressed as RB = 4PB/(Uwh), where 4PB is the pres-
sure difference across the end caps of a confined bubble moving with a speed








substituting equations 3.18, 3.19 and 3.14 in equation 3.17 we have









rearranging and simplifying we have









































































The differences between the hydrodynamic resistance of single phase and
multiphase flow can be clearly illustrated by looking at equations 3.22 and
3.24. In single phase flows, for a given channel geometry and liquid, it is
well understood that the hydrodynamic resistance of the microchannel is
constant. In contrast we see that when the microchannel is filled with bub-
bles, the hydrodynamic resistance varies both with the number of bubbles
present and the speed of propagation of those bubbles. Again as hinted
at earlier, it can be seen that earlier Rn should be lesser than R0 when
0.52h/(lBCa
1/3) < 1. And once this criterion is satisfied, both an increase in
the number of bubbles and an increase in the bubble speed, can result in a
lowering of the hydrodynamic resistance to flow.
We test our theoretical predictions with the experiments performed in the
first two parts of this chapter. The experimental values of Rn are calculated
simply as (Pf − Patm)/Uwh and the experimentally calculated ratio Rn/R0
is plotted against 0.52h/(lBCa
1/3), Figure 3.13a, we see that by and large
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Rn/R0 < 1 when 0.52h/(lBCa
1/3) < 1. In fact it is quite surprising that in
the vast majority of the wide range of experimental parameter space accessed
in our experiments Rn is always lesser than R0 for both bubbles and droplets.
Finally we test the experimentally calculated values ofRn with the theoretical
predictions given by equation 3.24 and we see that for the most part the
experimental values are within 10% of the theoretical predictions, Figure
3.13b.
Though we have obtained an expression for Rn for a microchannel with
a rectangular cross-section with w/h ∼ 2. Expressions for Rn can be derived
readily for other channel cross-sections, if valid expressions for the pressure
drop across a single bubble, 4PB, and the hydrodynamic resistance of the
microchannel filled entirely with the continuous phase liquid,R0 is available.











where d is the appropriate length scale defining the channel cross section.

















In this chapter we first studied experimentally the pressure drop across a
confined bubble translating through a rectangular microchannel filled with
a continuous phase liquid that completely wets the microchannel surface.
Wong and coworkers [89] looking at the same problem theoretically found that








A 30% discrepancy is observed in the values of the pre factor. This could
perhaps be due to the fact that, for calculating PB, a unit cell pressure
drop model is used to describe the overall pressure drop across the entire
microchannel containing n bubbles, and it was assumed that the flow is fully
developed across the entire length of all the n liquid slugs present in the
channel. Additionally the length of the liquid slug is measured from the tip
of the bubble nose front to that of the rear, ignoring the liquid present in the
curved regions between the nose and the wall (likewise for the rear). Any
additional viscous pressure drops ignored due to these two assumptions will
be clubbed along with 4PB. This perhaps could explain the higher value
of the prefactor obtained in our experiments. Indeed if lS is calculated as
lS + w, a value of 3.5 is obtained for the prefactor.
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Subsequent investigations with inviscid droplets showed that they do, as
per prior theoretical predictions, behave like bubbles. We further developed a
model to describe the hydrodynamic resistance of a microchannel filled with
bubbles (or inviscid droplets). This model predicts our experimental results
to within 10%. Additionally we have shown how in the transport of confined
bubbles (or inviscid droplets) through a rectangular microchannel, there are
readily accessible regions in the parameter space defined by the length of the
bubble and its speed wherein the resistance to flow decreases with an increase
in the number of bubbles in the channel. This occurs when 0.52h/(lBCa
1/3) <
1, bubbles (or inviscid droplets) then reduce the hydrodynamic resistance of
the microchannel they are flowing through.
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Figure 3.13: (a) Plot showing that the experimentally measured hydrody-
namic resistance of a microchannel filled with bubbles or drops, Rn, is lesser
than hydrodynamic resistance of the microchannel completely filled with liq-
uid, R0, when 0.52h/(lBCa
1/3) < 1. (b) Experimental values of Rn are for
the major part predicted to within ±10%.
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Chapter 4
Effects of Channel Surface
Wettability
4.1 Introduction
In the previous chapter we focussed exclusively on the situation wherein the
continuous phase liquid completely wetted the surface of the microchannel
walls, and the confined bubbles and drops formed the non wetting phase. In
such cases as mentioned in the previous chapters the bubbles and drops are
completely encapsulated by a lubricating film. In this chapter we investigate
the situation wherein the continuous phase doesn’t spontaneously spread
and thus completely wet the channel surface. Such partial wetting systems
have been rarely investigated in microscale multiphase flows. [100–102,106] This
is in spite of the fact that in a number of naturally occurring or engineered
microchannels, complete wetting of the channel walls by any of the immiscible
fluids is rarely achieved. [113]
Experimental Methods
Unlike in the previous chapter wherein a thorough quantitative under-
standing was sought for the case where the continuous fluid completely wet
the channel walls, in this chapter a more qualitative investigation of confined
bubble transport in microchannels filled with a partially wetting liquid is
carried out to highlight and describe phenomena that have previously not
been reported
4.2 Experimental Methods
Two different gas liquid systems were explored, nitrogen/ethanol and nitro-
gen/methanol.
Microchannel Fabrication: We performed our experiments with mi-
crofluidic devices made of poly(dimethylsiloxane) (PDMS). Standard pho-
tolithography techniques were used to fabricate SU8-on-Silicon masters, de-
tails of which are given in chapter 2. These masters were subsequently used
to mold PDMS replicas; in brief a 10:1 weight ratio of PDMS base and curing
agent (Sylgard 180 kit, Dow Corning) was mixed thoroughly and degassed,
the mixture was subsequently poured over the master and cured for 2-3 hours
at 70 ◦C. After carefully peeling off the master, the PDMS replica was thor-
oughly cleaned using scotch tape and holes for the inlets and outlets were
punched. Air plasma treatment was used to bond the PDMS replica to a flat
slab of PDMS molded from a plain Silicon wafer (the flat slab of PDMS was
bonded to a plain glass slide prior to this step). For experiments with nitro-
gen/ethanol systems the device was typically used after at least 12 hours had
passed from the time of bonding. For experiments with nitrogen/methanol
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system, subsequent to the plasma bonding and the gluing of inlet and outlet
tubings, the device was kept in an oven set at 100 ◦C for ∼ 3 hours.
Flow Generation and Visualization: Two different microchannels
were used. In the nitrogen/ethanol experiments the PDMS microchannel
used had a rectangular cross section with width w = 300 µm, height h ∼ 127
µm and length L ∼ 2.98 m, whilst in the nitrogen/methanol experiments,
the PDMS microchannel used had a rectangular cross section with width
w = 300 µm, height h ∼ 123 µm and length L ∼ 0.683 m. The device
consisted of two inlets, one each for the continuous and the dispersed phase.
The continuous phase used in our experiments was either ethanol (> 99.9%),
or methanol (> 99.9%) purchased from either Merck or Fischer Scientific.
No further purification of the alcohols were carried out and they were used
directly. The dispersed phase used was purified nitrogen. Nitrogen was
fed from a compressed cylinder to the device via a 65 µm inner diameter,
∼ 1.5 m long PEEK capillary for experiments with ethanol. In case of
nitrogen/methanol experiments 25 µm inner diameter PEEK capillary, (30−
80 cm long) was used. The cylinder was fixed with a two-stage pressure
regulator, the maximum cylinder feed pressure, pG, accessible was 30 psig.
The PEEK capillary was purchased from Upchurch Scientific, and served to
provide a high pressure drop section before the microchannel. Ethanol (µ =
1.2x10−3 Pa.s, σ = 22x10−3 N/m), and Methanol(µ = 0.6x10−3 Pa.s, σ =
23x10−3 N/m) was pumped in at a flow rate qL using a syringe pump (Harvard
Apparatus, PHD 2000). Terumo plastic syringes (3 and10 cc) were used,
with low volume 3 cc syringes used while pumping at low flow rates (qL ∼ 1
µL/min). The interface between the external tubings and the device tubings
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was made using high pressure unions purchased from Upchurch Scientific.
The ethanol/methanol and nitrogen fed to the PDMS microchannel met at
a standard T-Junction bubble generator, to form mono-disperse bubbles of
nitrogen in ethanol/methanol with length lB separated by liquid segments of
length lS propagating at a speed U . The experimental setup was similar to
the one used in the previous chapter for gas liquid flows.
A freshly fabricated microchannel was used for each experiment, prior to
the injection of nitrogen the device was flushed with ethanol/methanol for ∼
90 min. lB, lS and U were all controlled by varying pG and qL. Anywhere be-
tween 5∼120 min are given for steady state bubble formation to be achieved.
Under typical conditions highly mono-disperse bubbles and liquid slugs were
produced.
The details of the flow were captured using a video camera (Basler pi640,
or QImaging Micropublisher) mounted on a stereo microscope (Leica MZ
16). The parameters of the bubble train (lB, lS and U) were measured
and trajectories of individual bubbles were analyzed using image processing
algorithms implemented in MATLAB. The pressure at the gas inlet of the
bubble generator Pf was measured using a pressure sensor (Honeywell 40PC).
As the exit of the microchannel was open to atmosphere the pressure drop
across the entire microchannel (From the T-junction bubble generator to the
outlet) was calculated as 4P = Pf − Patm.
Thin films around the bubbles were visualized by illuminating the bubbles
with a Leica CLS 150 XE light source with a dual light guide attachment.
The thin films were best visualized when they were trans-illuminated by
reflection of the light from a white background. The dual light guide was
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used to focus two overlapping, slightly skewed spotlights of high intensity
from opposite directions onto a white paper placed 25 mm below the micro
channel.
The equilibrium contact angles of ethanol and methanol on PDMS were
measured to be θS,eth ∼ 10◦ and θS,meth ∼ 23◦. Care was taken to ensure
that the PDMS surfaces used to measure the contact angles were fabricated
inline the protocols used for the fabrication of the microchannels.
4.3 Results and Discussions
4.3.1 Wetting Transition
Let us first consider a confined bubble inside a microchannel with a rectan-
gular cross section, with width w and height h. Herein if the volume of the
bubble is greater than that of a sphere with radius equal to w/2, the bubble
assumes an elongated morphology with a length lB > w, comprising of two
curved ‘end-caps’ bounding a flat rectangular body. In the absence of flow,
the shape of a confined bubble is dictated purely by capillary statics.
The pressure jump across the curved gas-liquid interface given by the
Young-Laplace equation is σκ, [114], where κ the curvature of the bubble de-
pends on both the confining geometry and the static contact angle θS. In
circular capillaries with radius r, the curvature of the gas-liquid interface
where the θS = 0
◦ is given by κ = 1/r; whilst for cases where the liquid
doesn’t completely wet the channel walls and there is exists a finite contact
angle θS > 0
◦, herein the curvature is given by κ = cos θS/r.
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In microchannels with rectangular cross sections the situation can be quite
complex. Concus & Finn showed with rigor that for a N -sided polygonal cap-
illary there is no hydrostatic solution for the interface when θS < 180/N .
[88]
The physical situation herein is one where the liquid spontaneously invades
the corners to form curved wedges, and both ends of a bubble are connected
by liquid along the microchannel corners. For rectangular microchannels
with N = 4, presence of liquid in the corners occurs at θS < 45
◦, thus in
our experiments with ethanol and methanol, where the θS ∼ 10◦ and 23◦
respectively, the microchannel corners are always filled with liquid. Wong
and coworkers solved the augmented Young-Laplace equation (which also
accounts for disjoining pressures) to determine the interface shapes in such
conditions. [115] For rectangular microchannels the dimensionless curvature is
a function of both θS and B the aspect ratio (w/h). In our analysis here
instead of using the exact curvature as derived by Wong and coworkers we
instead use κ = cos θS.R
−1 where R is given by
R−1 = 2(h−1 + w−1) (4.1)
For our channel dimensions R ∼ 50 µm.
We now examine the situation were the bubble start moving. Here we look
at experiments with nitrogen bubbles in ethanol (θS ∼ 10◦). At low speeds
of propagation through the partially wetting liquid there exists an advancing
contact line at the rear of the bubble and a receding contact line at the front.
Once the speed of propagation exceeds a threshold, the receding contact line
at the nose gives way to film deposition. Such dynamical wetting transitions
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Figure 4.1: (a-e) Film deposition at the bubble nose occurring over a finite
range of capillary numbers. (f-g) Increase in the length of unruptured film
observed at increasing speeds of bubble propagation
to film deposition occurring above a critical speed of propagation of receding
contact lines is well known. [116,117] This transition occurs over a finite range of
Capillary numbers, and the bubble nose is eventually completely lubricated
by the deposited liquid film, and the receding contact line in completely
replaced, (Figure 4.1a-e). Depending on the size and speed of propagation
of the bubbles, two situations are possible, the deposited film ruptures into
small stationary drops and thus preserving the advancing contact line at the
bubble rear, or surprisingly the deposited films spans the entire length of the
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Figure 4.2: (a-c) Three snapshots of the bubble propagating through the
microchannel. The film is seen to dewet at multiple points
bubble, cap-to-cap.
Film ruptures in the vicinity of the channel corners where the deposited
film meets the liquid-filled wedges, the ruptured film advances in semicircular
fronts to form rivulets that eventually break into small droplets. This rup-
ture along circular arcs is reminiscent of thin-film dewetting experiments on
flat substrates, where dewetting occurs in the form of circular liquid fronts
moving radially outward from the point of rupture. [118] If one observes the
propagation of the bubble and rupture of the deposited film from a station-
ary frame of reference, it can be seen that the deposited film ruptures at
multiple points, all the rupture events though are seen to occur near the
channel corner, (Figure 4.2). We measure the time taken for the film de-
posited by a passing bubble to rupture (τ), or conversely the length of the
unruptured film z0, at several different locations along the microchannel. It
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is seen that the unruptured film of length z0 always exists for speeds greater
than that required for film deposition. The length of the unruptured film
increases with an increase in the speed of propagation of the bubble, (Figure
4.1f-g). z0 is calculated as the distance from the tip of the bubble nose to
the spot were the film ruptures. As the film ruptures at many points, atleast
five points of rupture are considered for measurements of z0. Additionally z0
is measured at various channel locations. Remarkably we see that z0 scales
as Ca5/3 irrespective of the bubble size or position of observation along the
microchannel, (Figure 4.3b).
We now rationalize the increase in the length of the unruptured film
caused by the increase in the speed of propagation of the bubble. Thin films
of partially wetting liquids (f ≤ 100 nm) are unstable under the influence of
long-range intermolecular dispersion forces that become dominant at small
thicknesses. The effects of dispersion forces can be described as an additional
body force in the liquid; accounted for by an additional pressure term in the
normal stress balance. For apolar van der Waals forces due to induced dipole-





where A123 is the Hamaker constant for interaction between the solid-liquid
(1-2) and liquid-gas (2-3) interfaces. [114] Partially wetting liquids are charac-
terized by positive values of A123, meaning an increasing attraction between
the adjacent interfaces with decreasing distance between them. The thickness
of the film initially deposited at the front of the bubble can be approximated
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as f0 ∼ RCa2/3. In reality the deposited film is not flat, in the vicinity of the
bubble front the film varies a maximum of RCa2/3 at the center to RCa at the
edge [119]. In our qualitative analysis we ignore the curvature of the deposited
film and assume it to be flat with an initial film thickness f0 ∼ RCa2/3. Here
the film thickness is assumed to the same as in the case of a confined bubble
transport through completely wetting liquids. For Ca ∼ 0.001 the initial film
thickness is of the order of a micron, thus it is highly unlikely that the film
rupture herein is driven by intermolecular dispersion forces which typically
become dominant at f ≤ 100 nm.
The deposited film is connected to the curved liquid wedges in the corner
of the microchannel. The curvature difference generates a pressure difference
of the order of σ/R that drives the flow towards the corner menisci, therebye
thinning out the film from an initial thickness of f0 to a critical thickness fmin
in a finite time τ wherein it ruptures due the action of intermolecular forces.
The attractive intermolecular forces scale as f−3, and once they become
dominant, even slight disturbances will grow fast, leading to an extremely
rapid rupture event. Thus it can be reasoned that most of the time τ for
film rupture is therefore spent in the stages of film thinning driven by the
curvature differences between the deposited film and the corner menisci.
Wong and coworkers studied an analogous system the deposition, thin-
ning and rupture of tear films. [120] They numerically studied the evolution of
a uniform film of thickness f0 that joins smoothly at one end to a parabola
with radius R and found that for late times (t > 0.01s), the film thickness
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Figure 4.3: (a) Critical film thickness at time of rupture calculated by equa-
tion 4.5, most calculated values of fmin fall within ±20% of the mean. (b)
The unruptured film length is plotted for various Capillary numbers, a Ca5/3
dependency is observed
























We used equation 4.4 to calculate fmin, with f0 = 1.0RCa
2/3, and t = τ =
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z0/U . For all the range of capillary numbers accessed in our experiments we
find that fmin ∼ 0.02 µm. This nearly constant value of fmin obtained, as
shown in Figure 4.3a indicates that equation 4.3 can used to qualitatively













































































Thus the Ca5/3 dependence for the length of the unruptured film is recovered.
Thus in the transport of confined bubbles through microchannels filled
with partially wetting liquids, different bubble morphologies can be expected.
To illustrate this point, we consolidate all our experimental observations in a
plot of dimensionless bubble length versus Capillary number. A vertical line
in the plot corresponding to the critical Capillary number Cac ∼ θ3S [116,117]
for the wetting transition divides the map into two regions. When the bubble
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Figure 4.4: Map of the parameter space defined by the dimensionless bubble
length and Capillary number, demarcating the areas where different mor-
phologies of the bubble occur
moves slower than this critical speed, both the front and rear end of the bub-
ble comprise of moving three phase contact lines (Area I). At higher bubble
speeds, a dynamical transition to film deposition occurs, and the advancing
nose of the bubble is now lubricated by a wetting film of axial extent z0.
Bubbles of length lB > z0 therefore will be partially encapsulated by an un-
ruptured film of length z0, (Area II). Bubbles shorter than z0 have completely
intact films spanning the entire cap-to-cap length (Area III), (Figure 4.4).
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4.3.2 Pressure drops across partially lubricated bub-
bles
In this section we seek to describe the pressure drop across confined bubbles
translating through a microchannel of rectangular cross section, filled with a
continuous phase liquid that partially wets the surface of the channel walls.
In particular we look at the case where the droplet is partially lubricated. As
seen in the previous section partially lubricated bubbles form at high speeds
of propagation of the bubble wherein the nose of the bubble is completely
encapsulated by a dynamically deposited film, but where the bubble is long
enough that the deposited film thins and subsequently de-wets to preserve
an advancing contact line at the bubble rear.
The pressure drop across confined bubbles 4PB translating through mi-
crochannels are modeled by accounting for the pressure jumps across the
front and the rear gas liquid interface, 4Pf and 4Pr.
4PB = 4Pf −4Pr (4.12)
The assumption implicit in the above equation is that there is no pressure
drop across the body of the bubbles, given that the viscosity of the bubble is
typically orders of magnitude lesser than that of the surrounding continuous
phase liquid, this assumption is reasonable. Whilst in a static bubbles the
curvatures of the front and rear interfaces are identical thus resulting in a zero
net pressure drop across the bubble, setting the bubble in motion causes the
interfaces to be perturbed by the flow, with the front and the rear interfaces
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being perturbed differently, there thus exists pressure drop across the bubble.
Thus to model4PB a description of curvature of the front and rear interfaces
is needed.
Let us first consider the front interface, when the bubble moves and does
so with a speed high enough to deposit a stable lubricating film of thickness
f0 over the nose, the resulting curvature across the front interface of the








for small values of f0/R we can write, (1−f0/R)−1 = 1+(f0/R)1+(f0/R)2+
(f0/R)





(1 + f0/R) (4.14)
The thickness of the deposited film has been thoroughly studied for com-
pletely wetting systems, therein f0/R = βCa
2/3 for C → 0, with a geometry
dependent β = O(1). [89] For rectangular capillaries with w/h = 2, β = 1.7. [89]
Assuming that in partially wetting system once a film is dynamically de-








When the bubble is stationary the curvature of the rear interface is given
by cos θS/R. For translating bubbles that are partially lubricated the rear
interface consists of an advancing contact line, herein the change in the cur-
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vature is due to the change in the advancing contact angle, which can be
described by the Cox-Voinov law, [121,122]
θ3a = θ
3




this is valid for static contact angles less than 3pi/4 or 135◦. θm is a local
microscopic contact angle, typically θm = θS is assumed. Lmac and Lmic are
appropriate macro and microscopic length scales. Lmac can be viewed as
the approximate distance from the contact line at which the contact angle
becomes measurable, Lmac ∼ 10 µm; whilst Lmic can be viewed as length
scale for molecular size, Lmic ∼ 1 nm. Thus ln(Lmac/Lmic) is of the order
of 10, though experimentally fitted values vary, values of around 10 have
been often found [122]. Thus the pressure jump across the rear interface of the






















)− cos ((θ3S + 90Ca)1/3)] (4.18)
We carried out experiments with partially encapsulated bubbles of ni-
trogen in ethanol (θS ∼ 10◦) and methanol (θS ∼ 23◦) for varying speeds
of propagation U and bubble lengths lB. As mentioned in the experimen-
tal section earlier different microchannels were used for experiments with
ethanol and methanol. The pressure at the gas inlet of the microchannel
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Figure 4.5: The pressure drop across the partially encapsulated bubble is
seen to be considerably larger than that for bubbles traveling through mi-
crochannels filled with liquids that completely wet the channel wall. The
theory described by equation 4.18 (with no fitted parameters) is seen to give
qualitative predictions
Pf was measured, with the exit of the microchannel open to atmosphere the
pressure drop across the microchannel of length L containing n droplets was
calculated as 4P = Pf − Patm. The pressure drop across a single partially




with the same assumptions and procedures used to calculate pressure drop
across confined bubbles/droplets in completely wetting systems (refer to
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chapter 3) we have




Given that n = L/(lB + lS), 4PB determined from equation 1.7, which is
given by








Experimental measurements show that in partially encapsulated bubbles
at low Ca numbers 4PB can be nearly two orders of magnitude greater,
(Figure 4.5). The approximate model described in equation 4.18 (with no
fitted parameters) is seen to qualitatively describe the experimental measure-
ments. The methanol-nitrogen experiments are seen to agree better with the
theory. Shorter microchannels were used in the methanol-nitrogen exper-
iments (0.68 m vs 2.98 m), expansion and acceleration of bubbles in the
shorter microchannel was not as pronounced as in the longer one
4.4 Conclusions
In confined bubble transport in microchannels, slight variations from the
ideal case where the continuous phase liquid completely wets the channel
surface can have dramatic impact both on bubble morphologies and pressure
drops. We have seen that at low speeds of propagation, the bubble front and
rear consists of dynamic contact lines. Beyond a threshold speed a thin film is
deposited. The film can stay stable for a length z0 before it ruptures, z0 scales
as Ca5/3. In cases where lB < z0 the film can span across the entire length of
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the bubbles, the essentially is fully encapsulated by the deposited film herein.
In contrast, when lB > z0, the front of the bubble stays encapsulated by the
deposited film, subsequent dewetting of the film can preserve an advancing
contact line at the rear. The pressure drop across such partially lubricated
bubbles was experimentally studied, an approximate model was developed
and was seen to qualitatively agree with the experiments.
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Traffic of Bubble and Droplet
Trains at Microfluidic Junctions
The fundamental building block of any fluidic network, or any network for
that matter, is the junction or node, wherein a single input channel branches
out into two or more output channels. Describing the traffic of microflu-
idic bubbles or drops at junctions is crucial for not only understanding the
diverse, interesting and often complex dynamics associated with such flows
in microchannel networks but also in developing facile strategies to control
them. [62–65]
We first highlight a counterintuitive behavior where we find that all bub-
bles or droplets of an incoming train can be sorted exclusively and entirely
into one of the arms of a symmetric junction by simply increasing its speed
beyond a threshold value. The existence of this filter regime in asymmet-
ric junctions with arms of unequal lengths is well documented, in this case
the dilution of the train (inter-droplet distance) governs the filtering and the
train always filters into the shorter arm. [73,103] Each bubble or droplet that
arrives at a junction if it does not breakup gets directed into the arm that
has at that instant a greater rate of flow into it. If the outlet pressure for
both arms of the junction are the same, as it is in loops, the pressure drop
across both arms will always be identical, this translates into the incoming
bubble or droplet getting directed into the arm that has at that instant the
lower resistance to flow. Existence of filter regimes in asymmetric junctions
wherein the incoming droplets filter into the shorter arm has been rational-
ized by models that assume droplets to always increase the resistance to flow
in the channel they are present in. At low dilutions of the incoming train all
the incoming droplets route themselves into the shorter arm, the one with the
lowest hydrodynamic resistance, lowering the dilution further increases the
number of droplets in the shorter arm serving to increase its hydrodynamic
resistance till it matches that of the completely liquid filled longer arm, the
droplets then distribute themselves between both arms of the junction or
loop. In contrast to this well documented case, the existence of filter regimes
in symmetric junction can only be explained by the ability of droplets and
bubbles to lower the resistance to flow in the microchannel they are present
in.
In addition to the counterintuitive existence of filter regime at symmet-
ric microfluidic junctions we also highlight the existence and stability of
droplet (or bubble) train filtering into the longer arm of an asymmetric mi-
crofluidic junction. Bistability in filtering wherein the incoming bubble and
droplet train has the ability to sort exclusively and entirely into either arm
of the loop, symmetric or otherwise is demonstrated. A simple perturbative
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method, inform of a pulse of the continuous liquid injected into the arms of
the loop, is subsequently used to program oscillatory switching behavior in
droplet traffic at the microfluidic loop.
5.1 Filtering of Droplet and Bubble Trains at
a Symmetric Microfluidic Junction
In this section we report how a nominally symmetric microfluidic junction
can be used to sort all bubbles or droplets of an incoming train exclusively
into one of its arms. The existence of this “filter” regime is unexpected,
given that the junction is symmetric. We analyze this behavior by looking
at how bubbles modulate the hydrodynamic resistance in microchannels and
show how speeding up a bubble or droplet train whilst preserving its spa-
tial periodicity can lead to filtering at a nominally symmetric microfluidic
junction.
5.1.1 Experimental Methods
Microchannel fabrication: We performed our experiments with microflu-
idic devices made of poly(dimethylsiloxane) (PDMS). Standard photolithog-
raphy techniques were used to fabricate SU8-on-Silicon masters, details of
which are given in chapter 2. These masters were subsequently used to mold
PDMS replicas; in brief a 10:1 weight ratio of PDMS base and curing agent
(Sylgard 180 kit, Dow Corning) was mixed thoroughly and degassed, the
mixture was subsequently poured over the master and cured for 30-40 min at
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70 ◦C in case for channels used in bubble traffic experiments. For channels
used in droplet traffic experiments the curing times of atleast 2 hours were
used. After carefully peeling off the master, the PDMS replica was thor-
oughly cleaned using scotch tape and holes for the inlets and outlets were
punched. Air plasma treatment was used to bond the PDMS replica to a
flat slab of PDMS molded from a plain Silicon wafer (the flat slab of PDMS
was bonded to a plain glass slide prior to this step). In bubble traffic ex-
periments the channels were used within 30 min from the time of bonding.
This empirical protocol yielded devices whose channel surfaces fully wetted
ethanol the continuous phase in bubble traffic experiments. For droplet traf-
fic experiments, after the bonding and glueing of the inlet and outlet tubes,
the microchannel was placed in an oven set at 100 ◦C for atleast 24 hours
before being used. This empirical protocol yielded a highly hydrophobic mi-
crochannel that didn’t wet water, the dispersed phase used in the droplet
traffic experiments. More details concerning replica molding are given in
chapter 2.
Microchannel Layout The PDMS microchannel thus fabricated had
a rectangular cross section with width w = 300 µm, height h ∼ 123 µm.
The microchannel had an inlet each for the continuous and the dispersed
phase which met at a standard T-junction, wherein mono-disperse bubbles
or droplets were generated. An additional inlet for the continuous phase was
located ∼ 3 cm downstream of the T-junction, injection of the continuous
phase through this inlet served to increase both the dilution of the train
and its speed of propagation. The symmetric microfluidic loop was located
further downstream (∼ 9 cm) from the additional continuous phase inlet.
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Figure 5.1: (a) Sketch of the experimental setup for studying the traffic of
bubble trains at a symmetric loop.(b) Sketch of the experimental setup for
studying the traffic of droplet trains at a symmetric loop (c) Schematic of
“filter”(F) and “repartition”(R) regimes
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The loop had arms of identical length (L = 10.3 cm). Schematic of the
microchannel is given in Figure 5.1.
Flow Generation and Visualization: In the bubble traffic experi-
ments mono-disperse bubbles of nitrogen in ethanol with length lB separated
by liquid segments of length lS propagating at a speed U were generated at a
standard T-junction bubble generator (Figure 5.1a). Ethanol, the continuous
phase was pumped into the bubble generator at a flow rate of qL1 using a
syringe pump (PHD 2000, Harvard Apparatus), while nitrogen, the dispersed
phase was fed from a pressurized cylinder (set at a pressure pG) via a 25 µm
inner diameter capillary (30− 80 cm long). lB, lS and U were all controlled
by varying pG and qL1. An additional feed inlet located downstream of the
T-junction bubble generator pumped in ethanol at a flow rate qL2 so as to
provide greater flexibility in varying both lS and U . Each device was first
flushed with ethanol for two hours prior to carrying out the experiments.
In droplet traffic experiments both ionic liquid ( [EMIm][NTf2] ), the con-
tinuous phase, and ultrapure water, the dispersed phase, were pumped into
the droplet generator using syringe pumps (PHD 2000, Harvard Apparatus).
The ionic liquid was pumped in at a flow rate of qL1 and water at a flow rate
of qW to form mono disperse droplets of water in ionic liquid with length lB
separated by continuous phase liquid segments of length lS propagating at a
speed U , (Figure 5.1b). lB, lS and U were all controlled by varying qW and
qL1. An additional feed inlet located downstream of the T-junction droplet
generator pumped in ionic liquid at a flow rate qL2 so as to provide greater
flexibility in varying both lS and U . The ionic liquid used dissolves a finite
amount of water, (approximately two weight percent at ambient conditions),
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Figure 5.2: Ratio of time required to fill arm 1 (t1) to the time required to
fill arm 2 (t2) is nearly 1. This proves that the microfluidic loop is symmetric
for all practical purposes
thus prior to it being used in experiments the ionic liquid was saturated with
water. In brief, a vial was filled with nearly equal amounts of water and
ionic liquid and gently agitated for approximately 8 hours, the vial was sub-
sequently left undisturbed for atleast 12 hours to ensure the separation of the
undissolved water and ionic liquid due to their different densities. The ionic
liquid was then withdrawn, filtered using a 45 micron syringe filter before
being used.
A freshly fabricated microchannel was used for each experiment. The de-
tails of the flow were captured using a video camera (Basler pi640) mounted
on a stereo microscope (Leica MZ 16). The parameters of the bubble or
droplet train generated (lB, lS and U) were measured and trajectories of
individual bubbles were analyzed using image processing algorithms imple-
mented in MATLAB to analyze video micrographs of the flow.
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Testing the Loop Symmetry: First the channel heights in both arms
of the loops were measured; a PDMS replica of the microfluidic loop was
first molded, subsequently slices of the channel were cut carefully, and a
digital micrograph of the cross-section was obtained using a CCD camera
(Basler pi640) mounted on a stereomicroscope (Leica MZ16). A total of 16
digital micrographs at different positions along the length of each arm of the
loop were obtained. The height of the channel was subsequently measured
manually from the micrographs using the Measure Tool in Adobe Photoshop.
The average height in arm 1 was 123.2µm whilst that in arm 2 was 122.6µm
(the standard deviations for the measured heights of both arms was less than
1µm).
This difference in height results in only a 1% difference in the resistance





1(1− 0.63h1/w)]/[h32(1− 0.63h2/w)] = 1.01, where R0i is the
resistance of arm i when it contains no droplets/bubbles. [110])This 1% dif-
ference in resistance is not significant as typical asymmetric loops/junctions
used for filtering droplet trains requires at least a 10%-50% difference in the
resistance. [73,103]
We further test the symmetry of the loop by measuring the time taken to
fill both arms of the loop with ethanol. We pump ethanol through the main
liquid inlet (both the dispersed phase inlet and secondary continuous phase
inlet are left unused) of an empty microfluidic device at a flow rate Qfill
using a syringe pump, and capture videos of gas-liquid interface propagating
through both arms of the loop at 100 fps as it is filled with ethanol. The
videos are subsequently analyzed to determine the time required to fill arm
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1 (t1) and arm 2 (t2) of the loop. Qfill was varied between 10 − 40µL and
each measurement was repeated twice. The results plotted in Figure 5.2
show that time to fill both arms of the loop are nearly identical, with t1/t2
varying between 0.990 and 1.00 suggesting that the difference in heights is
not significant.
5.1.2 Results and Discussions
We performed our experiments to study bubble/droplet traffic at a symmetric
junction with a microfluidic device composed of a nominally symmetric loop
located downstream of the T-junction bubble generator. The loop had arms
of identical length L1 = L2 = L = 10.3 cm. Though the widths of both arms
of the loop were same, the difference in the average height between arm 1
and 2 was measured to be less than a micron, for our purposes this difference
was not significant. We ensured that the bubbles of the train directed to the
symmetric loop didn’t break up at the inlet of the loop by working in the
limit of low Capillary numbers Ca = µU/σ (where µ and σ are the viscosity
and surface tension of ethanol) and small lB. The range of capillary numbers
we worked in (Ca ∼ 10−3) was at least an order of magnitude less than that
required for bubble break up at the inlet of the loop. [66]
We identified the existence of two distinct regimes a “repartition” regime
wherein bubbles and droplets distribute themselves between both arms of the
junction and a “filter” regime wherein all bubbles or droplets successively
route themselves into one of the arms, [73,103] as schematically depicted in Fig-
ure 5.1c and d. Each bubble or droplet arriving at the junction is directed
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Figure 5.3: Digitized signals showing the transition to filter regime. A signal
of 1 and 2 represents the entry of a bubble into arms 1 and 2 respectively.
For trains with constant lB the filter regime is accessed beyond a threshold
velocity (a) Transition to filter regime in bubble trains with lB = 2w. (b)
Transition to filter regime in droplet trains with lB = 1.2w.
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into the arm which has at that instant a lower hydrodynamic resistance (or
a greater rate of flow), provided that successive bubbles or droplets do not
interact with each other at the vicinity of the inlet. [62–65,68–70,73,80,81,103,104,108]
The hydrodynamic resistance of each arm depends on the number and size
of bubbles/droplets, and flow rate in the arm; thus the trajectory of each
bubble/droplet arriving at the junction becomes inextricably linked to the
trajectories of previous bubbles that have arrived at the junction, leading to
complex non linear distribution of bubbles/droplets into the arms of the loop
during the repartition regime. We observed during the repartition regime
that bubbles/droplets arriving at the inlet of the symmetric loop are not
alternately directed into both arms of the loop in a strict 12121212 distribu-
tion, instead long series of successive bubbles/droplets are directed into each
arm (Figures 5.3). This observation is neither new nor entirely surprising.
Sensitivity to slight perturbations during the operation [68] or existence of de-
generate cyclic states [65] have been previously put forth as reasons for this
behavior.
For bubble/droplet trains having identical morphologies (same lB and lS)
transition to filter regimes occurred at high speeds of propagation (Figure
5.3). The threshold speed for transition, UC,sym depended only on lB, with
trains composed of longer bubbles transitioning into the filter regime at lower
speeds (Figure 5.4a). In contrast, transition to filter regime in asymmetric
junctions is dictated only by the dilution of the train, at high dilutions all
the droplets route themselves into the shorter arm, the one with the lowest
hydrodynamic resistance, lowering the dilution further increases the number
of droplets in the shorter arm serving to increase its hydrodynamic resistance
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Figure 5.4: (a) The capillary number for transition to filter regime, CaC,sym
decreases with an increase in bubble length. (b) CaC,sym is independent of
lS when lB is constant. The solid lines here serve as guides for the eye
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till it matches that of the liquid filled longer arm, the droplets then start
to flow into both the arms and the repartition regime is accessed. In our
experiments UC,sym was found to be independent of lS, trains with varying
lS (varying dilution) but identical lB all transitioned to the filter regime at
the same speed (Figure 5.4b), this suggests a different mechanism governing
the transition. Indeed if bubbles/droplets are always directed into the arm
with a lower resistance, [62–65,68–70,73,80,81,103,104,108] a filter regime can exist for
a symmetric loop if and only if bubbles/droplets lower the resistance of the
arm into which they flow, an interesting yet hitherto unexplored phenomenon
in bubble and droplet traffic in microfluidic junctions. [62–65,68–70,73,103,104,108]
Simulating Bubble Traffic at a Symmetric Loop: Numerical models
of digital flows through microfluidic networks have been invaluable in gain-
ing insights into the complex dynamics associated with such flows. [80,81,103,108]
We built a numerical model to simulate the traffic of bubbles/droplets at a
symmetric microfluidic loop identical to the one used in our experiments
(Lengths of the arms of the loop L1 = L2 = L = 10.3 cm, width w = 300
µm and height h = 123 µm). Our model is based on well established al-
gorithms [80,81,103,108] used to track trajectories of droplets/bubbles through
microfluidic networks in discrete time steps. A brief description of the nu-
merical model and algorithm is given below.
We considered a periodic bubble/droplet train directed towards a sym-
metric loop, wherein each bubble/droplet arrives at the inlet of the loop at a
time interval of τ = 1/f . If the incoming bubble/droplet train is composed of
bubbles/droplets of length lB, separated by liquid segments of length lS and
flowing with a speed of U0, the frequency of the bubble/droplet generation f
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Figure 5.5: (a-c) Simulated trajectories of the final 50 bubbles arriving at
the symmetric loop carried out for different capillary numbers showing the
transition to filter regime. The arm into which each of the final 50 bubbles
flow into, is plotted. Each simulation was run for 1000 bubbles arriving at
the inlet of the loop (d) Critical capillary number for transition determined
by simulations for three different bubble lengths and nine different liquid
segment lengths. The CaC is independent of lS but decreases with an increase
in lB.
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can be calculated as f = U0/(lB + lS). Each bubble/droplet that arrives at
the inlet of the loop is directed into the arm that has at that instant a greater
rate of flow into it. The pressure drop across arm i (i = 1, 2) containing ni
bubbles/droplets of length lB flowing with a speed of Ui can be calculated as
4Pi = 12µUi(L− nilB)








The pressure drops across both arms of the loop are always identical though
they vary dynamically with each bubble/droplet that enters or exits the loop,
thus
4P1 −4P2 = 0 (5.2)
Conservation of total flow rates dictates that sum of the rates of flow in arm
1 and 2 (Q1 and Q2) must be equal to the rate of flow into and out of the
symmetric loop (Q0). With the assumption that there is no relative flow
between the liquid segments and the bubble/droplet,
Q0 = Q1 +Q2 (or) U0 = U1 + U2 (5.3)
The simulations were carried out in the following manner. Once a bub-
ble/droplet arrived at the inlet of the loop at time t the number of bub-
bles/droplets in each arm was calculated and equations 5.1, 5.2 and 5.3 were
subsequently used to calculate U1 and U2, if U1 > U2 the bubble/droplet
was directed into arm 1, and arm 2 if U2 > U1. In situations were U1 = U2
the bubbles/droplets were randomly directed into either arm. In the time
taken for the next bubble/droplet to arrive at the inlet (τ) the position of the
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bubbles in arm i were advanced by xi = Uiτ . At time t+ τ it was checked if
any bubbles/droplets had exited the loop and the process was repeated for a
finite number of bubbles arriving at the inlet, in a typical simulation trajec-
tories of 1000 bubbles arriving at the junction were tracked. The simulation
was started by arbitrarily directing the first bubble of the train into arm 1.
Our simulations reproduced the salient features observed in our experi-
ments with the traffic of bubble/droplet trains at the symmetric loop. The
simulations show the existence of both the repartition and filter regimes
(Figure 5.5 a-c). The filter regime was accessed in our simulations when the
speed of the bubble train flowing into the loop exceeded a threshold value
(Figure 5.5c). This threshold speed for transition to filter regime in our sim-
ulations was determined by repeatedly running the simulation for gradually
increasing values of U with lB and lS held constant; in the filter regime all
bubbles/droplets were directed into arm 1. This threshold speed measured
by our simulations also showed no dependence on the dilution of the bub-
ble/droplet train, the speed for transition to filter regime was independent
of lS (Figure 5.5d) and varied only with the bubble length lB, in simulations
carried out with larger lB transition to filter regime was achieved at lower
speeds (Figure 5.5d).
These simulations were based on experimentally validated models for
pressure drop and the widely held explicit assumption that each bubble/droplet
arriving at the junction is directed into the arm with a greater rate of
flow, [62–65,68–70,73,80,81,103,104,108] thus during the filter regime the arm filled
with bubbles/droplets should have a greater flow rate than the arm that is
completely liquid filled. This phenomenon is illustrated in Figures 5.6a and
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Figure 5.6: (a,b) Calculated results showing distribution of flow in a sym-
metric loop where arm 1 is filled with a fixed number of (n1) bubbles of
length lB whilst arm 2 is completely liquid filled. At high incoming flow
rates (Q0 = 0.1 ml/min for lB = 3w and Q0 = 0.1 ml/min and 0.01 ml/min
for lB = 6w ) the rate of into the arm filled with bubbles becomes greater
(Q1 > Q2) and it increases with n1.
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b, where equations 5.1, 5.2 and 5.3 are solved repeatedly for an incoming
flow rate Q0, with n1, the number of bubbles/droplets in arm 1, varied from
0 to 30 while arm 2 is kept completely liquid filled (n2 = 0). It is seen that
at certain high Q0, rate of flow into arm 1 becomes greater and Q1 increases
with an increase in n1. A dependence on bubble/droplet length is also illus-
trated, for lB = 3w, Q1 > Q2 is observed for Q0 = 0.1 ml/min whilst for
lB = 6w, Q1 > Q2 is observed for Q0 = 0.01 ml/min and Q0 = 0.1 ml/min.
Critical Capillary Number for Transition to Filter Regime: In
this section we present a theoretical framework to rationalize the existence
of the two regimes noted and derive an analytical expression for the crit-
ical capillary number for regime transition. The hydrodynamic resistance
of either arm Rnii is modified by the presence of bubbles/droplets. R
ni
i =
4Parm/(Uiwh), where 4Parm is the pressure difference across the two nodes
of the loop, and Ui the speed of flow in either arm. Detailed derivation of the
hydrodynamic resistance of a microchannel filled with bubbles or droplets is
given in Chapter 3. In brief, the hydrodynamic resistance of arm i containing
ni bubbles/droplets of length lB is given by,
Rnii = R
0[1− φ] + niRB (5.4)
where R0 is the hydrodynamic resistance of the arm completely filled with the
continuous phase, φ = nilB/L is the fraction of the arm occupied by bubbles
and RB is the resistance to flow caused by a single bubble/droplet moving
with a speed Ui. For channels of rectangular cross-section where h < w, R
0 =
12µL.[h3w(1− 0.63h/w)]−1 = αL. [110] RB in turn can be expressed as RB =
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4PB/(Uiwh), where 4PB is the pressure difference across the end caps of a
confined bubble/droplet moving with a speed Ui through the microchannel.
4PB = 4.2(2σ/h)Ca2/3. Therefore RB = 4.2(2σ/h)Ca2/3i /(Uiwh), and we
note that it is speed dependent. The hydrodynamic resistance of arm i











Now, we consider how the entrance of the lead bubble/droplet of an
incoming train into either arm of a completely liquid filled loop impacts
the routing of the subsequent bubbles/droplets arriving at the junction.
For a nominally symmetric loop, the lead bubble/droplet may enter ei-
ther arm, and as shown above, its presence modulates the hydrodynamic
resistance to flow in that arm, the subsequent bubbles/droplets are then
directed into the arm which has at that instant a lower resistance to flow
(if successive bubbles/droplets arriving at the junction do interact in its
vicinity). [62–65,68–70,73,80,81,103,104,108] Thus for all bubbles/droplets to be di-
rected into one of the arms of the symmetric junction, the presence of bub-
bles/droplets in that arm should lower the resistance to flow. If the lead
bubble/droplet enters arm 1, the ratio of the instantaneous hydrodynamic














The resistance of arm 1 will indeed be lowered by the presence of the lead
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Thus when the condition in equation 5.7 is satisfied R11 < R
0
2 and the rate
of flow into arm 1 increases and the second bubble/droplet flows into arm 1.
From equation 5.5 it is clear that both this increase in rate of flow (i.e increase
in Ca1) and the increase in n1 from 1 to 2 further reduces the resistance in
arm 1, whilst the resistance of the completely liquid filled arm 2 stays the




2 , thus the rate of flow further increases in arm 1 and
the third bubble/droplet to arrive at the inlet of the symmetric loop is also
directed into arm 1. In fact once the condition in equation 5.7 is satisfied,
further increases in n1 and Ca1 reduce the resistance in arm 1. The criterion
stated in equation 5.7 is a strict and general criterion for accessing the filter
regime in symmetric junctions, as it ensures a cascade process in which all
bubbles/droplets approaching the junction are directed into arm 1; the entry
of each bubble/droplet into arm 1 and the resultant speeding up of flow in
that arm, both keep lowering the resistance of arm 1 from its previous value













causes the next bubble/droplet to also enter into arm 1. The resistance of
arm 1 keeps decreasing with the entry of every successive bubble till a steady
state loading of bubbles/droplets in arm 1 is achieved (see also Figure 5.6).
It is therefore clear that once the criterion stated in equation 5.7 is sat-
isfied by the first bubble/droplet of the train as it flows into one of the
arms of the completely liquid filled symmetric loop, all the subsequent bub-
bles/droplets flow into that arm as the entry of each bubble/droplet will serve
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Figure 5.7: Variation of critical capillary number for regime transition with
lB/h. The analytical expression (equation 5.8) for the critical capillary num-
ber for transition to filter regime predicts with reasonable accuracy both the
simulated and experimentally measured values of CaC,sym for both bubbles
and droplets
to decrease the resistance in that arm. When the loop is completely liquid
filled the rate of flow into the loop splits equally between both arms, therefore
the speed of the lead bubble/droplet as it flows through one of the arms is
half that of the incoming train (Cai = 0.5Ca) and thus the critical capillary
number above which the bubble/droplet train filters at the symmetric loop








This simple selection rule explains our experimental observations wherein
transition to filter regime occurred at a bubble length dependent threshold
speed with trains composed of longer bubbles transitioning at lower speeds
(Figure 5.4b). We conducted systematic experiments with bubble/droplet
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trains of varying lB to check the validity of our selection rule. We find that
both the experimentally measured speed at which transition to filter regime
occurs in both bubble and droplet train experiments, agree reasonably well
with the analytic expression provided in equation 5.8, (Figure 5.7).
5.2 Bistable Filtering of Droplet and Bubble
Trains in Asymmetric Microfluidic Junc-
tions
In the previous section we showed how in the traffic of droplet and bubble
trains at a symmetric junction, there exists a bubble/droplet length depen-
dent threshold speed of propagation above which all the bubbles/droplets of
the incoming train sort exclusively and readily into one of the arms of the
microfluidic junction. In this section we ask if it is possible for droplets and
bubbles to filter into the longer arm of an asymmetric junction.
5.2.1 Experimental Methods
PDMS microchannels for bubble and droplet traffic experiments were fabri-
cated using the same protocols described briefly in section 1.1.
Microchannel Layout: The PDMS microchannel used had a rectangu-
lar cross section with width w = 300 µm, height h ∼ 123 µm. The microchan-
nel had an inlet each for the continuous and the dispersed phase which met
at a standard T-junction, wherein mono-disperse bubbles or droplets were
generated. An additional inlet for the continuous phase was located ∼ 3 cm
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downstream of the T-junction, injection of the continuous phase through this
inlet served to increase both the dilution of the train and its speed of prop-
agation. The asymmetric microfluidic loop was located further downstream
from the additional continuous phase inlet. Arm 1 of the asymmetric loop
had a length L1 = 10.3 cm, whilst the longer Arm 2 had a length L2 = δL1.
In bubble traffic experiments an asymmetric microfluidic loop, with δ = 1.1
was used, whilst in droplet traffic the asymmetric microfluidic loop used had
a δ = 1.2.
The microchannel also had two further inlets for the individual injection
of the continuous phase liquid into both arms of the asymmetric microfluidic
loop. The schematic of the experimental setup is provided in Figure 5.8.
Flow Generation and Visualization: The experimental protocols for
flow generation and visualization followed in the experiments with symmetric
junctions were also followed here. Schematic of the experimental setups
for bubble and droplet traffic experiments are given in Figures 5.8a and b
respectively.
Stable Filtering Into Longer Arm: In experiments with both bubbles
and droplets, the incoming train when filtering at the asymmetric junction,
by default filtered into the shorter arm. We tested if stable filtering of the
train into the longer arm was possible, by employing a simple perturbative
method. Once the incoming train started filtering into the shorter arm of the
microfluidic loop (Arm 1), we perturbed the system by injecting a ‘control
stream’ of the continuous phase liquid into the Arm 1. Above a critical
flow rate of the control stream, the train was forced to filter into the longer
arm (Arm 2). The control stream was subsequently stopped and the dynamic
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Figure 5.8: Sketch of the experimental setup for studying the traffic of bub-
ble trains at an asymmetric loop.(b) Sketch of the experimental setup for
studying the traffic of droplet trains at an asymmetric loop (c-d) Schematic
of the train filtering into either the short or longer arm of the junction
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Figure 5.9: Digitized signals showing bubble traffic at an asymmetric loop
(L2 = 1.1L1). A signal of 1 and 2 represents the entry of a bubble into arms
1 and 2 respectively. The control flow in arm 1 is also plotted. It is seen that
switching is possible above a threshold QC . Stable filtering into the longer
arm 2 is accessed at higher speeds when lB and lS are held constant
response of the system was tracked, in conditions were stable filtering into the
longer Arm 2 was not possible, the train reverted back to filtering into Arm 1.
In contrast when conditions for the stable filtering into the longer arm were
accessed, only a finite pulse of the control stream of appropriate duration and
intensity was required to effect permanent switching. Programmable syringe
pumps were used to inject control streams at flow rates QC1 and QC2 into
arms 1 and 2 respectively. (Figures 5.8a and b)
5.2.2 Results and Discussions
Our experiments with bubble and droplet traffic show that there are indeed
readily accessible flow conditions wherein stable filtering into the longer arm
of an asymmetric is possible. In contrast to symmetric junctions where fil-
tering occurred beyond a threshold speed of propagation of the train, in
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Figure 5.10: Digitized signals showing droplet traffic at an asymmetric loop
(L2 = 1.2L1). A signal of 1 and 2 represents the entry of a droplet into arms
1 and 2 respectively. Stable filtering into the longer arm 2 is accessed at low
dilutions when lB and U are held constant
asymmetric junctions both the dilution of the train and its the speed of prop-
agation influenced the filtering of the train into the longer arm. For trains
composed of bubbles of identical lB and lS, stable filtering into the longer
arm of the asymmetric junction was achieved beyond a threshold speed of
propagation (Figure 5.9). Furthermore, stable filtering into the longer arm
was also possible by lowering the dilution of the incoming train (Figure 5.10).
In the traffic of mono-disperse droplet trains at asymmetric microfluidic
loops, two distinct regimes are typically observed, a filter regime where all
droplets of the incoming train filter into the shorter arm, and a repartition
regime where droplets get distributed between both the arms, [73,103] with the
transition to repartition regime occurring below a threshold dilution of the
incoming train. We did observe these two regimes but only at low speeds of
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propagation of the incoming train. At higher speeds propagation, reparti-
tion regime was not accessed no matter how low the dilution (in the limit of
droplets not interacting with each other at the loop inlet); instead interest-
ingly stable filtering into the longer arm was favored.
Critical Capillary Number for Filtering Into the Longer Arm:
Let us again as in the first section consider a periodic microfluidic bub-
ble/droplet train composed of mono-disperse bubbles/droplets of length lB,
separated by liquid segments of length lS and flowing with a speed of U0,
directed towards a loop. Each bubble/droplet that arrives at the inlet of the
loop at a time interval τ = 1/f , where f = U0/[lB + lS] is the frequency of
bubble generation, will get directed into the arm with the highest instanta-
neous flow rate. This is of course when the bubbles/droplets do not break up
or interact with each other at the inlet. [62–65,68–70,73,80,81,103,104,108] Given that
the pressure drops across both arms of the loop are always equal, though
they vary with every bubble/droplet that enters or exits the loop, the arm
with the highest rate of flow into it will be the arm with the lowest hydro-
dynamic resistance, if Rnii is the hydrodynamic resistance of arm i of the
loop containing ni bubbles/droplets, a bubble/droplet arriving at the inlet
of the loop will flow into arm 1 when Rn22 > R
n1
1 . Thus during the traffic
of a bubble/droplet train at a single microfluidic loop, all bubbles of the in-
coming train will exclusively flow into one the arms of the loop, say arm 1,
when the bubble/droplet filled arm 1 always has a lower hydrodynamic re-




In the previous section we saw how the filter regime for both droplets
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and bubbles can be accessed in symmetric junction. We again describe the
phenomenon here in brief. In symmetric microfluidic loops with arms of
identical cross sections, and lengths L1 = L2 = L, all bubbles/droplets of an
incoming train will exclusively flow into one of the arms, say arm 1, when
R02 > R
n1
1 (t), or as per equation 5.5








It can be clearly seen from the above equation that the resistance of the
bubble/droplet filled arm 1 will be less than the completely liquid filled




−1 < 1. Once this condition is fulfilled an increase in the num-
ber of bubbles/droplets in arm 1 will serve to decrease the resistance of arm
1. Infact all that is required for the filter regime to be accessed is for the very
first bubble/droplet of the train that arrives at the inlet of the completely




−1 < 1. If this condition is satisfied by the first
bubble/droplet then all subsequent bubbles/droplets of the incoming train
will also flow into arm 1 as both an increase in n1 and accompanying increase
in Ca1 will serve to reduce the resistance of arm 1 further. For the very first
bubble/droplet of the train entering into arm 1 of an otherwise completely
liquid filled loop, its flow speed in arm 1 will be half that of the incoming
train, U1 = 0.5U0 or Ca1 = 0.5Ca0, thus in symmetric microfluidic loops all
bubbles/droplets of an incoming train will flow into one of the arms of the
loop when the capillary number of the incoming train Ca0 exceeds a critical
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value given by







Now we shall see what conditions are required for an incoming bub-
ble/droplet train to filter into the longer arm of the microfluidic loop (L2 =
δL1, where δ > 1), but identical cross sections. When the asymmetric loop
is completely liquid filled, the majority of incoming flow is directed into
the shorter arm (arm 1), the one with a lower hydrodynamic resistance. If
both the arms have identical cross sections the ratio of flows into arm 1
and 2 is given by Q1/Q2 = L2/L1. Now, all bubbles of an incoming train
will exclusively flow into the into the longer arm (arm 2), if and only if
the bubbles/droplets reduce the resistance to flow and there are enough bub-
bles/droplets populating the longer arm at steady state to make its resistance














2 is the threshold where the incoming bubble/droplet train can filter









when R01 = R
n2
2 , Q2 = 0.5Q0, and thus U2 = 0.5U0. At steady state the
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The critical capillary number for accessing filter regime in symmetric
junctions is given by CaC,sym = 2 (0.52h/lB)
3. Thus equation 5.16 can be
simplified and the critical capillary number for an incoming train to filter







In addition to Ca0 > CaC,asym for the incoming train to filter into the longer
arm, implicit in equation 5.17 is the condition that ζ < 1. This condition
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Figure 5.11: Variation of CaC,asym with ζ, semi quantitative agreement be-
tween theory (equation 5.17) and experiments is observed
defines the limit to the dilution of an incoming train, if the train is too dilute,
the longer arm then cannot be populated with enough bubbles/droplets to
make its resistance lower than that of the completely liquid filled shorter arm
no matter what the Ca2. Thus a critical void fraction can also be defined
from ζ < 1, φ > 0.5(δ − 1)/δ.
We conducted systematic experiments with bubble/droplet trains of vary-
ing φ and δ to check the validity the selection rule given in equation 5.17.
We find that a semi quantitative agreement is achieved (Figure 5.11).
Programmable Routing of Droplet Trains at an Asymmetric
Junction: Once the condition as given in equation 5.17 for the incoming
train to filter into the longer arm is accessed, the train can essentially exhibit
bistable behavior it can filter into either arm of the asymmetric microflu-
idic junction.The microfluidic device herein functions as an analogue to the
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Figure 5.12: Oscillatory flows generated at an asymmetric microfluidic loop
(L2 = 1.2L1) with droplets trains with the programmed injection of control
flow pulses. The arm into which the incoming train is filtering into is plotted
with solid red lines. QC,signal is plotted as dashed grey lines. QC,signal = 0
when QC1 = QC2 = 0; QC,signal = 1 when QC1 = Qswitch and QC2 = 0;
QC,signal = −1 when QC2 = Qswitch and QC1 = 0; Here Qswitch = 10 µL/min
electronic flip flop, a memory element operating in one of two stable flow
states. The incoming droplet train flows entirely into one of the arms of
the microfluidic loop and can be switched into the other arm with aid of an
external trigger in form of a single pulsed injection of the control flow of suf-
ficient intensity and duration. Switching is achieved only above a threshold
flow rate of the control flow; this threshold depends on all parameters of the
incoming droplet train, lB, lS and U0, and also on all geometric parameters of
loop, namely δ and the location of the control flow inlet. The use of hydraulic
circuit analysis to determine this threshold flow rate for switching and exper-
imental validation therein is currently being investigated. The response time
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in such systems with fluidic actuation should essentially be instantaneous,
but the use of syringe pumps to inject the control flow pulse introduces tran-
sients. We however achieve sub second response times by using low volume
gas tight syringes and high flow rates of the control flow. As the system is
bistable only a pulse of the control flow is required to effect switching, to a
first order the minimum duration of this pulse, τP , can be estimated as the
time taken to fill the entire arm of the loop with bubbles, which in turn can
be approximated as the residence time for a single droplet in the arm when
its traveling at half the speed of the incoming droplet train, τP ∼ Li/0.5U0.
This in fact is a conservative estimate, in symmetric loops only half the arm
needs to be filled in order to effect switching thus τP ∼ Li/U0. Typically
in our experiments pulses of only a few seconds were required. We demon-
strate the robust and flexible operation of our microfluidic flip flop by readily
generating oscillatory flows of varying periods at the microfluidic loop with
programmed injection of control flow pulses into both arms of a microfluidic
loop. We were able to readily tune the periods of oscillation from 120 s to 20
s whilst using 10 s pulses of the control flow for actuation. See Figure 5.12.
5.3 Conclusions
Studying the traffic of a train of bubbles and droplets at elementary microflu-
idic junctions is fundamental to be able to understand, predict and regulate
microscale multiphase flows in complex microchannel networks. Such net-
works can be man-made as those occurring in droplet and bubble based
microfluidic devices used for hight throughput synthesis or analysis, or nat-
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ural as those found in porous geological formations or pulmonary airways of
the lung. [2,6,27,57–61,123,124]
Here we have shown the consequences of a rarely studied phenomenon,
the existence of readily accessible regions in the parameter space defined by
the length of the bubble/droplet and its speed of flow through a rectangu-
lar microchannel, wherein the resistance to flow decreases with an increase
in the number of bubbles in the channel. [2,62–65,68–70,73,82,98,103,104,108,109] This
also means that in this region of parameter space the pressure drop across a
channel containing bubbles will be less than an identical channel without any
bubbles when the rates of flow through them are the same. When this pa-
rameter space is accessed by a periodic, mono disperse bubble/droplet train
approaching a symmetric junction; a complete asymmetry in traffic behavior
is observed wherein all bubbles/droplets are seen to follow the lead bubble
and a filter regime is accessed. Additionally it is also possible for the bub-
ble/droplet train to filter into the longer arm of an asymmetric microfluidic
junction, when enough bubbles/droplets populate the longer arm to make its
resistance lower than that of the completely liquid filled shorter arm.
This behavior is in total contrast to previous experiments in droplet traf-
fic, where filter regimes could only be accessed in asymmetric junction with
the incoming train being able to filter only into the shorter arm. [73,103] In
these experiments the droplets always increased the resistance to flow in the
channel they were present in, unlike our experiments were the exact opposite
occurred, droplets and bubbles lowered the resistance to flow in the channel
they were present in. This illustrates how the hydrodynamics local to the
scale of a single bubble/or droplet can affect the global dynamics of thousands
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of bubbles/or droplets as they traverse through even elementary microfluidic
junctions.
Furthermore we have shown an elegant exploitation of the bistable filter-
ing behavior to flexibly program droplet routing an asymmetric loop. The
findings presented here provide an additional avenue for facile direction of
both bubble and droplet traffic through complex microfluidic networks. This
should enable the design of microfluidic devices with programmable resi-
dence times, useful is situations where mono-disperse droplet formation oc-
curs only within a narrow operating range of inlet flow-rates; additionally
precise metering of droplets/bubbles into different sections of a microfluidic





Understanding the hydrodynamics of simple flows like that of confined bub-
bles and droplets in prototypical network geometries such as a single straight
microchannel or an elementary channel bifurcation is fundamental to en-
gineer multiphase flows in more complex microchannel networks that may
occur in geological formations or high throughput, multifunctional microflu-
idic devices. This thesis aimed to advance the current understanding of such
prototype flows.
6.1 Principle Thesis Contributions
The transport of confined bubbles in rectangular microchannels filled with
liquids that completely wet the channel walls were first studied. The pressure
drop across a single confined bubble was experimentally determined from the
overall pressure drop across a microchannel filled with n bubbles by using a
unit cell pressure drop model. Even with an implicit assumption that the
Principle Thesis Contributions
flow across the entire liquid slug is fully developed, the measured pressure
drop across the bubble was just 30% higher than the theoretical predictions
given by Wong.
Hodges and coworkers showed theoretically that droplets with a viscosity
substantially lower than that of the surrounding continuous phase liquid, can
be treated as being inviscid. In essence an inviscid droplet should behave like
a bubble. We show that this is indeed the case; to the best of our knowledge
this is the first experimental validation of Hodges theoretical hypothesis.
We subsequently developed a model for the hydrodynamic resistance of
a microchannel filled with droplets or inviscid bubbles. This model was seen
to predict our experimental measurements to within ±10%. Crucially this
model identified the conditions where the hydrodynamic resistance of a mi-
crochannel decreases with an increase in the number of bubbles or droplets
present. This is in contrast to existing models for the hydrodynamic resis-
tance of microchannel, wherein it is always assumed that droplets increase
the resistance to flow.
The implications of the situation wherein bubbles and droplets reduce
the resistance to flow were highlighted by studying the traffic of bubble and
droplet trains in symmetric and asymmetric junctions. In contrast to previ-
ous experiments where droplets had the ability to filter only into the shorter
arm of an asymmetric junction at high dilution of the incoming train, we
found the existence of filter regimes even in symmetric junctions. Interest-
ingly, the bubbles and droplets also had the ability to filter into the longer




Slight deviations from the ideal case of complete wetting of channel walls
by the liquid in confined bubble transport were examined. A rich bubble
morphology was observed, depending on the speed and bubble length, the
front and rear end of the translating bubble could be comprised moving three
phase contact lines, or the bubble could be either partially or completely
lubricated by a deposited film of liquid. Curvature driven flows from the
film to the liquid filled channel corners were used to rationalize the existence
of the latter two regimes. In partially encapsulated bubbles, the pressure
drop across the bubble could be nearly a couple of orders greater than an
equivalent bubble translating through a completely wetting fluid.
6.2 Future Directions
In this section we catalogue a set of interesting questions that remain unan-
swered.
The implications of conditions wherein bubbles lower the resistance to
flow have been investigated in traffic of bubble trains at microfluidic junc-
tions. It would be of interest to see what happens if such conditions are
accessed during the filling of a long microchannel with bubbles. If the flow is
pressure driven and the channel is initially filled completely with the liquid,
if the first bubble that flows into the channel has a length and speed such
that it decreases the resistance of the microchannel, it can be expected that
subsequent bubbles that are formed will be progressively larger and move
faster. If the resistance of the microchannel in contrast is increased by the
first bubble, the subsequent bubbles that are formed will be progressively
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smaller and move slower. If the channel is initially filled with the gas in-
stead, different start up dynamics can be expected. An intriguing question
to ask would be if the under same input conditions of gas and liquid pres-
sures, if the channel is initially gas filled against liquid filled, will the bubble
train formed at steady state be identical.
Investigations into the effects of the compressibility of bubbles would be
another worthwhile venture. In long microchannels the bubbles expand and
accelerate along the length of the microchannel as expected, but prelimi-
nary experiments conducted in our lab show that the presence of non-ideal
channel geometries can excite interesting dynamical response in long bubble
trains. If the bubble train is forced to squeeze through a constriction, violent
oscillations in flow speeds can occur upstream, these oscillations die out after
a finite length. If sharp turns are included in the microchannel layout, the
bubbles expand and contract as they traverse the turn, this can in turn have
interesting implications in the overall profile of bubble lengths and speeds
across a long microchannel composed of dozens of such turns.
The effect of surfactants on bubble and droplet transport is another topic
of interest. Past studies have shown that the relative speed between confined
bubbles and the surrounding liquid can be dramatically impacted by the pres-
ence of surfactants. Trace quantities of surfactants should also increase the
pressure drop per bubble by a factor of 42/3. In preliminary experiments car-
ried out, we have seen that in systems with minute quantities of surfactants
(10% of the critical micellar concentration), the range of flow rates where or-
dered droplet formation is possible is narrower than that for surfactant-less
systems (even when the surface tension and fluid viscosities are nearly iden-
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tical). Additionally in surfactant systems, it was observed that the droplets
catch up with each other and coalesce as the travel along the microchannel.
Elucidation of mechanisms that govern such phenomenon would be valued,
as in a lot of microscale multiphase flows surfactants are present.
In studies with droplet and bubble traffic in junctions, situations where
bubbles and droplets do not break up at the junction have been exclusively
investigated. Studies of droplet break up in microfluidic systems always
consider single isolated droplets. Investigating the ensemble dynamics of
bubble and droplet trains composed of droplets and bubbles that break up
at the junction is a natural and crucial extension. The effects of channel
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